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ABSTRACT
Relaxation phenomena have been studied in an Fe-25$ Ni alloy 
containing up to 42 ppm boron and in two type AISI 516 austenitic 
stainless steels, one containing 1 ppm boron and the other 22 ppm 
borQn. The temperature range used was 300°C to 1200°C.
The individual constituents of the complex internal friction 
peaks have been separated with the help of a computer.
The relaxation spectrum of the Fe-25$ Ni alloy has been shown to 
consist of only one relaxation peak occurring in the temperature region 
of 750°C•
The relaxation spectrum of the type 516 stainless steel has been 
split into three regions* A grain boundary relaxation peak spectrum, 
which consists of a number of peaks, was found to occur in the temperature 
range 802°- 838°C, a high temperature peak in the region 930°- 980°C 
and a further high temperature peak in the region 992°- 1027°C,
These relaxation peaks have been explained in terms of current 
theories of grain boundary sliding and migration which have been 
extended to explain the additional effects observed in this, work. The 
high temperature peak has been attributed to the relaxation effects of 
molybdenum.
It has been observed that the high temperature background damping 
is strongly dependent on the grain size and composition of the alloy.
The effect of cooling rate on the distribution of boron in the 
■type 516 stainless steel has also been studied and it has been shown 
that on vacuum quenching from 1000°C and above, the boron segregates 
to the grain boundary in atomic form, causing a reduction in the 
height of the high temperature peak. On slower cooling, however, the 
boron diffuses back into the matrix with a consequent increase in 
the height of the high temperature peak.
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1. INTRODUCTION •
Stainless steel containing nominally 18$ Cr and 12$ Ni is one 
of the alloys currently being developed for use as a fuel element 
can material in advanced gas cooled nuclear reactors. In order to 
minimise the risk of can failure, it is important.that the can should 
behave in a ductile manner in all temperatures up to 750°C, in order 
to accomodate the strains arising from differential expansion between 
the fuel and the can, and from creep under the high external pressure 
of the'coolant gas, ..
The presence of boron in small quantities in austenitic stainless 
steels improves the high, temperature rupture strength.and ductility. 
However, there is a tendency for the boron to substitute for carbon 
and nitrogen in the precipitates in the steel and it has been shown 
that the absence of boron from solution in the steels produces inferior 
rupture lives in high stress tests below 700°C. However, solution of 
the boron-rich particles and re-distribution of the boron within 
the steel structure occurs during prolonged rupture testing at lower 
stresses, such that the rupture live, of the steels is improved.
In the reactor the steel must sustain stresses at high temperatures. 
Fracture initiation in the material will occur as a result of the 
build-up of internal stresses at the grain boundaries and thus it 
is important to understand the behaviour of grain boundaries under an 
oscillating stress. In addition, the position of boron in the alloy 
is also of importance due to its effect on the rupture.properties of 
the steel and a greater understanding of the movement .of boron under 
varying conditions of annealing temperature and cooling rate will 
assist in this aspect.
Grain boundaries in polycrystalline metals give rise to an 
internal friction peak due to stress relaxation across the boundaries
..4- . . '
which is absent in a single crystal. This grain boundary relaxation
peak is well known in a number of pure rentals and binary alloys and 
normally occurs as a broad relaxation peak on a rapidly rising 
background damping. In dilute alloys two peaks have been reported 
which, at high concentrations, seem to merge into one very broad 
relaxation peak.
It was decided to investigate the high temperature relaxation 
processes in a type 516 austenitic stainless steel. The object of 
the study was to determine the constituent parts of the high temperature 
relaxation spectrum and the effect of boron on these, particularly 
in relation to annealing temperature and cooling rate.
2 . II'iTERMAL FRICTION IN HETALS
2.1. Introduction
The phenomenon of internal friction is caused by the conversion
of energy, usually vibrational, into heat when a body is stressed
non-pl&stically. It is often displayed as a decay in the amplitude of
(1)vibration of the body' 7.
Hooke’s law states that when a material is stressed considerably 
below its yield point the resultant strain is proportional to the 
applied stress i.e.
cr = !,! £.        (l)
where cr is the applied stress, 4.the resultant strain and M is a 
constant known as the modulus of elasticity. In simple tension or 
compression it is called the Young’s Modulus (E) and in torsion, the 
shear modulus (G-). However, real materials show elastic after-effects 
which are particularly sensitive to defects in the materials. The 
mechanical behaviour of a material in which strain lags behind the
applied stress in the elastic region has been termed "anelastic
(2)behaviour” .
2.2. Theory of Inelasticity
A general equation incorporating the time dependent derivative 
of stress and strain can be obtained from Zener’s model of the 
"Standard Linear Solid"v /, (Pig. l).
When a force P is applied, the model will deform instantaneously 
purely by the stiffness of springs and Sg. However, the force 
across the dashpot will reduce with time and there will be a gradual 
increase in the overall strain. The opposite reaction will occur 
when the load is removed, and the complete release of all the strain 
energy in the springs must await the gradual relaxation of force 
across the dashpot (Pig. 2).
The equation corresponding to this mechanical model can be
18.
written in the form
<r + t c r =  M( i + ^  *•)     (2)
where cr and £. are the time dependent derivatives of stress and strain
t  and ^  are known as relaxation times and M is the elastic modulus„ 1 2
If a stress of cr^  is applied at time t = 0, then the resulting
strain observed at any time t (i.,) will he composed of the~c
instantaneous elastic strain (s.) and the anelastic strain (i 'e a
which increases exponentially with time; viz:-
■2.^ = S. +2. (l - exp (-'t/'t))     (5)
o e a
where S. is the value of i at infinite time. 
a a
When the rate of application of stress is slow compared to the 
relaxation time ^  then the system becomes completely relaxed and the 
stress and strain can be related by the equation
cr = M (£ + £• )       (4)o r v e a7 v
where M is called the relaxed modulus. r
Similarly if the rate of application of stress is extremely 
rapid compared to the relaxation time there is insufficient time for 
relaxation to take place and an unrelaxed modulus is observed
cr = ]| i ...... ................ ...... (5)o u e '
Since it is often convenient to have some dimensionless measure
of the total stress relaxation o on an t-* tv known as the "Relaxat
Strength" is defined as
A  = M - M ........................... . (6)m u r \ /
M m 1 u r
When relaxation occurs under a periodic loading, as in the 
general technique for measuring anelasticity, the application of the 
stress can be represented by
<r = cr exp (iusfc) .....     (7)
where u> is the angular frequency of stress application and is equal 
to 2»ff, where f is the frequency of application of the stress.
A/WV
F
AA/VW-
Fig.l Zener's Model for the 'Standard Linear Solid*
Strain!
£
Load on . Load off
Time
Fig.2 Strain Behaviour of the Model at Constant Stress
20.
Generally the strain will lag behind stress and hence
£ = exp i(tOt -f)    (8)
where p is the phase lag angle.
(2)Zenerv 1 showed that for his model
tan f = ((Mu - Mr)/JFir)^t / (l + fct)2) ... (9)
This can be written in the form
tan p - A  «ot    '..... (10)
1 + (3t)2
The phase lag is a maximum when *ot = 1, i.e. when tan p = A^/2.
When tan is plotted against log (*Ot), a symmetrical curve is
obtained with a maximum at «-Gt = 1 (Fig. 5). At the maximum
f = l/2T*"t ............. ...................  (11)
where f is the frequency of oscillation.
A plot of internal friction (tanp) against frequency is known
as a "Relaxation Spectrum" and this often contains a series of peaks
relating to particular mechanisms causing the stress relaxation.
Since the frequency range to investigate the bulk of metallurgical
“14- 6phenomena would have to be 10 - 10 Hz, the measurements are made
with varying temperature at a constant frequency. This is possible 
because the relaxation time is related to temperature by the equation
t  ezp (Q/RT)  ...... .........  (12)
where Q is the activation energy of the relaxation process, T the 
absolute temperature and R the gas constant. Since 'fcis related to 
frequency through equation (ll), a plot of tan <f> against (l/T) gives 
a similar curve to figure (5).
The measurement of tan <f> is only accurate when the internal
i
friction values are close to unity. This is not usually the case and 
therefore indirect methods to measure internal friction must be used. 
The most usual technique is the "Amplitude Decay Method". In this 
technique the specimen is excited to a known value of amplitude of
Tan
0 +
Log ioZ
Fig.5 Frequency Dependence of Internal Friction
22.
vibration and the vibrations are allowed to decay freely. Internal 
friction is then measured by
S  = (l/n) In (A0/An) . i  .....  (15)
where o is known as the logarithmic decrement, A is the initial 
amplitude and An the amplitude of the nth cycle. When the damping is 
small the logarithmic decrement is related to the phase lag angle by 
the equation
^ = Htan <f> ..    . (14)
2.5. Relaxation Peak Broadening Effects
The logarithmic decrement can be expressed in terms of temperature 
by the equation^
%  = ^ max sech [(Q/R)(l/T - 1/Tp)] ............ (15)
The activation energy of the process (q ) can be obtained from this
equation, knowing the value of "€ at the peak temperature (T ) and• max p
the shape of the relaxation peak.
A more accurate method of. obtaining the activation energy is to 
measure^the peak temperature at two different frequencies f. and f0
If equations (ll) and (12) are combined then
f = f0 exp (-Q/RT)     (16)
and therefore
Q = R In (f2/f1)/(l/T1 - l/T2) ............... (17)
The activation energy can also be obtained by measuring the
half width (Wj_), which is the width at half peak height and is
2
0 "*1measured in terms of K~ , If equations (10) and (12) are combined 
then
Q = 5.26/Wi    . (18)
2
where Q is given in calories/gm mole.
If the relaxation process has a unique relaxation time, then 
the values of the activation energies given by equations (17) and 
(18) should he the same. In real materials, however, relaxation
processes generally exhibit a spread of relaxation times, and this 
is true for the grain boundary relaxation process. A spread~of 
relaxation times has the effect of broadening the relaxation peak 
and hence lowering the value of the activation energy obtained from 
equation (18).
(5)Nowick and Berry' J have shown that relaxation peaks follow a 
G-aussian distribution in the logarithm of the relaxation times. The 
process can be specified completely by three parameters, the mean 
relaxation time the width of the distribution (|S) and the
magnitude of the relaxation (A^)•
If the relaxation process has more than oriO relaxation time 
then from equation (10) "'I'
tan <j> = fOj) ^  . ......     (19)
1 + (O'C.)2
where f(*&) is the fraction of the relaxation processes having X  
as the relaxation time. When a distribution of relaxation times is 
considered it is more convenient to define the distribution in terms 
of the. variable In ¥* rather than in ^  itself
tan 4 = I I; (lnT^iO^ d J.nC  ............   (20)
J 1 + {Ot)2
— aO
where ^ (in'!) d ln£ is the relative number of contributing processes
for which the logarithm of the relaxation time falls in the range
between l n ^  and lnX + d In'fciJClnc) is defined in such a way that
( l'(ln't) . d lnt = 1    (21)
-©o
and represents a normalised distribution function.
If a Gaussian distribution of InX is considered a variable z 
can be defined as
z = In (r/t )    (22)m'
where %  is the most probable value of X*. The normalised function
m
may then be written as
'I' (z) = b exp (-b2z2) = 1 exp - f z£l ... (25)
&  (>& Lp> 1
where b is the gaussian distribution parameter and the quantity (b 
which is equivalent to b”^ measures the half-width of the distribution 
at the point where^(z) falls to l/e of its maximum value ^ (o). (b is 
thus an expression of the relative width of the peak to that of a 
single relaxation peak. When (b= 0 the width of the peak is the same 
as that for a single relaxation time. As fb increases the spread in 
relaxation times also increases.
The normalised logarithmic decrement can now be expressed as 
S n = -  =   (24)
h
where & is the logarithmic decrement at peak temperature, and x is
equal to In oC . The function f0(x,|b) is obtained by substituting m ct
equation (25) into equation (20), viz:
fg(x,p>) = 1 (exp (-u2).sech (x + |bu).du .. (25)
— <so
Figure (4) shows a normalised plot of fg(xf ,p>)/f2(o,{j) where 
x* = x/2.305, for different values of (b , illustrating the broadening 
effect with increasing (b factor.
Figure (5) shows how the relative peak height (2fo(0,(b)) decreases 
and the relative peak width (r^((*>)) increases as (b increases. r2 (f>) 
is defined as the ratio of the width of the tan <j> curve at half 
maximum to the width for a single relaxation, viz:
r2(f>) = A 2*'^ ....... .......... ......  (26)
The value of rg((b) can be obtained directly from tan cj> curves 
using the relationship
r2((i) = ^JZ.eSSR).^'1) = Q/Qa ........  (27)
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where Qm is the mean activation energy for the relaxation process,
and is the activation energy calculated from the width at half the
peak height, ft can then be found from the rg(P>) plot (Pig. 5).
The relaxation strength can also be obtained directly from
tan <f> curves since
(tanri = fr(0,&). k m     (28)
* m
The above theory is not immediately applicable in practice as
the internal friction is normally measured as a function of temperature
rather than frequency, and hence the temperature dependence of the
various factors must be considered. This has been dealt with by
(5)Nowick and Berry' ' and in general the corrections which have to 
be made are negligible compared to the accuracy with which the peak 
can be determined.
(4)Cordea and Spretnak' ' have shown that the above theory of the
lognormal distribution in relaxation times can satisfactorily describe
the grain boundary relaxation process in high purity aluminium,
nickel, copper and silver.
Whenever a relaxation process is controlled by atomic movements
the relationship given by equation (12) will hold true. Thus, a
distribution in ^  is due to a distribution in the temperature
independent parameter *£q or in the activation energy Q or in both.
(3)Nowick and Berry'1 ' have shown that a Gaussian distribution in In %o
with Q constant, and one in Q with constant gives a Gaussian 
distribution in In In the former case, is found to be independent 
of temperature and in the latter case varies inversely with 
temperature. This variation can be used to determine the parameters
for the distribution in In and those in the activation energy.
(5) /vNowick and Berry' have found a distribution in both In o and
activation energy for the Zener relaxation process in Ag-Zn solid
28.
solutions, while the major part of the distribution in the grain
boundary relaxation process can be accounted for by a normal
(4)distribution in the activation energy' •
2*4. Background Damping
2.4.1. Introduction
Background damping is of importance when investigating high 
temperature internal friction. G-rain boundary relaxation peaks are 
always superimposed on a continually rising background and, before 
a true picture of the peaks can be obtained, this background must be 
removed.
The change in the background damping with inverse temperature
(6)is shown in figure (6)' . The curve is found to consist of two 
regions, an exponential region which ceases at about 400°C, and, at 
lof/er temperatures, an almost linear region which shows a much lower 
dependence on temperature.
The exponential region is normally called the high temperature 
background and the linear region the low temperature background 
damping.
2.4.2* Low Temperature Background Damping
Comprehensive reviews of low temperature background damping have
(7) (8)been given by Niblett and Wilkes' ' and Burdett and Queen . This
damping under cyclic stress arises principally from the movement of
dislocations in the crystal lattice. In general the damping consists
of two parts, one that is independent of the amplitude of vibration
and one that is dependent on the amplitude. The strain amplitude at
-7 (9-14)which the changeover occurs varies but can be as low as 10 '
Small amounts of plastic deformation increase the amplitude
(ll 14 15)independent internal friction' ’ 9 * while the addition of
(12 16-18)impurities reduce it' 9 ~ . The damping is practically independent
of frequency in the range below 1 Kamentsky^
29.
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Fig.6 Amplitude Independent Internal Friction of a Copper 
Single Crystal as a function of Temperature 
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•concluded that the activation energy of the process was less than 
-11.2 kcal mole
The generally accepted model for this type of damping was first
(20-25)proposed by G-ranato, Liicke and Koehlerv } and has since been
(24)extended by Rogers' 1. It is based on the vibration of dislocations 
pinned by point defects or dislocation nodes within the material.
Two types of internal friction result from this model. The first is 
a loss due to the damping of the vibrating dislocation segments and 
is independent of strain amplitude. The second loss arises from the 
unpinning of the dislocations from their pinning points and gives 
rise to the amplitude dependent damping.
2*4.5. High Temperature Background Damping
At temperatures of approximately 0.4 T^ and above, where is 
the melting point of the metal, the amplitude independent damping
begins to rise rapidly with increasing temperature and follows a law
* +.V, 4. (6,18,19,25-51)of the typev 9 ’ 3 '
S  = % exp (-Q/RT)     (29)
The activation energies obtained from equation (29) are in the
-1 -1range 12-46 kcal mole , normally about 16-21 kcal mole depending
on the m a t e r i a l . These values are much lower than 
those reported for the grain boundary relaxation processes or for 
volume diffusion^** .
The background damping increases with increasing amounts of 
cold work but is reduced by the presence of substitutional solutes, 
while the activation energy of the process does not appear to change 
(l8,19,2o,27)^ Ke(35) ^oun^ that the level of background damping in
specimens annealed after deformation was dependent on the annealing
(56 57)
temperature. This has been confirmed by other workers' 9 who 
have shown that, after preliminary deformation, the level of background 
damping is not only dependent on the degree of deformation but also
51.
on the initial grain size. Prior deformation on a material with a 
low initial grain size produces a higher background damping than on 
a coarse grained material. The background damping is also affected by 
frequency and appears to decrease with increasing frequency at a rate 
less than the reciprocal of the frequency^6’38^.
Various proposals have been made to explain the high temperature 
background damping. Most of them are based on dislocation movement
(10,51,55,59) eSpecj_aqqy when affected by point defects in the lattice
(26,58) - (18,19,25-28,40)v * 7 or on vacancy formation
There appears to be no theory which can account for all the
experimentally observed facts. It appears that the background damping
involves a combination of processes which are difficult to formulate
into a general model. From the various theories it seems probable
that dislocation movement is the main cause at low temperatures, but
as the temperature increases vacancies and other defects are generated.
As thermal activation plays a large part in the generation of these
defects, their numbers increase exponentially with temperature, and
this should lead to the observed increase in the internal friction.
An exponential rise in the internal friction would also be expected at
temperatures where solute diffusion became possible. However, it is
often found that the exponential increase in the background damping
occurs at temperatures where this cannot be expected to be an
important factor.
The removal of the high temperature background damping from the
internal friction spectrum plays an important part in the analysis
of the grain boundary relaxation peaks and in other high temperature 
(41)pe^ks. Postnikov' 7 was probably the first worker to attempt to do 
this. He was able to obtain two expressions from his work, the sum 
of which agreed with his experimental results. For polycrystalline 
aluminium he found that
£ = n[l.l x icf5 + 4.5 x 10*"6T(°C)1 *.........  (50)
h =^[1.13 x 104/T(°K) x exp-(8900/RT)\ .....  (51)
The linear equation (30) refers to the energy loss arising from 
the apparatus and dislocation hysteresis effects. Equation (51) refers 
to the high temperature background contribution and is exponential 
in nature.
3. GRAIN BOUNDARY MECHANISMS
5*i. Grain Boundary Structure
5.1.1* Introduction
A number of comprehensive reviews of grain boundary structures
(42-47)
have recently been published' ', and therefore only the more
important aspects will be dealt with in this review*
Any theory of the grain boundary structure has to explain the
variation of the boundary energy with orientation, the observed
mechanical properties, diffusion along the boundaries, and, since
the advent of field ion microscopy, the observed structure. The
theories fall into two groups, those concerned with low angle
boundaries and those with high angle boundaries.
3.1.2. Low Angle Grain Boundaries
The low angle grain boundary is adequately described in terms
of a two dimensional dislocation network. This was originally
proposed by Burgers and extended by Bragg^^ and Read and
Shockley . The work published on the low angle grain boundaries
(44)has been reviewed by Amelinckx and Dekeyserv 1.
The simplest boundary consists of a row of edge dislocations 
spaced at regular intervals along the boundary. If these are all of 
the same sign, the angle between the two grains will increase with 
the dislocation density. When the angle exceeds about 20° the 
dislocations are so close together that they can hardly be regarded 
as distinct. For this reason the dislocation model alone is unrealistic 
for large angle boundaries.
A low angle boundary can be made general by the introduction 
of other sets of edge and screw d i s l o c a t i o n s , but as the structure 
of the boundary becomes more complicated the dislocation model is 
probably limited to lower angles of misorientation than with simple 
boundaries.
Although low angle boundaries are not of great practical
importance the dislocation model has attracted much attention, mainly
because it enables energies of boundaries to be calculated, and the
(5l)structure is confirmed by observation 7•
3.1.5. High Angle Grain Boundaries
Current ideas on high angle grain boundaries were developed
(52}from the work of Hargreaves and Hill' 7 who suggested that the
grain boundary was a narrow region of one or two atoms wide, where
the atoms occupied positions midway between those of the lattice
positions of the grains on either side of the boundary.
The advent of field ion microscopy has enabled the actual
structure of high angle grain boundaries to be observed. The first
(55)observations were made by Brandon and Wald' 7, who found that the
boundary was about three lattice spacings wide.
(54)Ranganathan' 7 has summarised the types of structures obtained
and three types of boundaries can be distinguished. In the first
type the dominant close-packed plahes continue undisturbed across
the boundary. Such structures have been observed in coherent and 
(55)non-coherent twins' 7. The second kind consist of spiral structures 
which can generally be associated with dislocations. These have been
/ c/» \
observed at boundaries in tungsten . Spirals can be expected in
both fee and bcc metals. The third kind of boundary shows a greater
degree of disturbance with interlocked spirals.
The theories describing the structures of grain boundaries
appear to fall into two groups, those dealing with dislocation models
of the boundary(50>57-60) those based on the original idea of
(61)Mott' 7 that the boundary consists of islands of good and bad atomic 
matching^-62-71).
The dislocation model of the grain boundary has become less 
acceptable following the recent observation of the structures, and
55.
the original idea of Kroriberg and Wilson^6^,  that some atoms in the
boundary of the new orientation are in coincidence with those of the
old lattice. The geometry of the coincidence site lattice has been
(72)considered in detail by Acton and Bevisv '. A combination of the
coincident site boundary and a dislocation sub-boundary has been
proposed by Brandon and his co-workers 5 , and such a model
appears to be most suitable for explaining the observed structures.
Recent models of the grain boundary, which incorporate most of
(68—70 )
the previous ideas, are those due to Chalmers and his co-workers^
(7l)and to Baroux et. alx . Chalmers et al. suggest that the simple
coincident site model is not necessarily the most stable arrangement
and that the structure can relax without changing the orientation by
a relative translation of the two lattices and by the adjustment of
the individual atoms. Calculated boundary structures lead to two
proposed interpretations for the boundary. It can be represented as
a series of distorted interpenetrating steps, which is consistent
(75)with electron microscopic observationsv . Alternatively, the
boundary may also be interpreted as consisting of structural units
with a central atom and five, six or seven adjacent atoms. In
boundaries that correspond exactly to a coincidence orientation all
structural units are equal. Departure from the exact coincidence
orientation relationship results in appropriate "mixing” of units
that correspond to the neighbouring coincidence orientation^*^.
(74 75)Bollmanv 3 has developed a geometrical approach to the 
structure of crystalline interfaces in his 0-lattice theory. This is 
a mathematical method for calculating the detailed structure of the 
interface between two arbitrary crystals in arbitrary relative 
orientation and with an arbitrary path of the boundary between the 
two crystals. Uses of the theory lie in the determination of optimal 
boundaries with respect to the boundary orientation as well as to
36.
the relative orientation of the crystals. Problems which arise when
dislocations either enter or cross the boundary can also be treated.
(76)Schober and Balluffi have shown experimentally that arrays of
parallel dislocations were found in a number of high angle tilt
boundaries in gold which appeared to be in good agreement with
structures predicted by the use of Bollman’s analysis,
Marcinkowski et have formulated a unified theory for
symmetrical tilt boundaries of any misorientation angle in both
ordered and disordered lattices.This has also been extended to
asymmetrical tilt boundaries. The theory shows that grain boundary
dislocations which comprise the grain boundary must be composed of
linear combinations of the crystal lattice dislocations which are
characteristic of the neighbouring grains. Two sets of coincidence
site lattices are predicted; a primary set which is based upon the
construction of grain boundaries from dislocations associated with
the primary slip systems in adjacent grains and a secondary set, or
subset, generated from the primary set by the insertion of dislocations
within the grain boundary which are derived from secondary slip
systems in adjacent grains. Thus the primary as well as the secondary
coincidence site lattices form a discrete set rather than the
(74 75)continuum postulated by Boilmanv 3
The above review has shown that a high angle grain boundary
is generally considered to consist of a fairly regular structure
with random defects superimposed on it. Some of these defects, such
as the grain boundary dislocations (gbd's) have been studied in
detail because of their possible relation to grain boundary sliding
and the emission or absorption of vacancies at grain boundaries at 
(79-85)
high temperatures' '. The topological properties of gbds and
C 86)ledges have been investigated in detail by Hirth and Balluffi' } 
who have defined the basic "types of line defects observed and have
developed a systematic nomenclature for them.
G-rain boundary dislocations should not be confused with "misfit" 
dislocations which are clearly resolvable under the electron
microscope in low angle grain boundaries and sometimes visible in
j1
( 6 3 , 6 4 )
certain high angle grain boundaries 90)^ These can be interpreted
as coincidence boundaries slightly deviated from ideal conditions 
G-leiter et a l . ^ ^  suggested that gbds are generated and move 
in a conservative way along grain boundaries by similar mechanisms; 
to those operating for lattice dislocations. This suggestion is
( P Q p: \
supported by experimental observation' ? . These gbds have Burgers
vectors which are not lattice vectors but which can be associated 
with the periodicity of the regularly repeating structural units
which make up the structure of grain boundaries as suggested by
(6 8 - 7 0 )  ( 9 1 )
Chalmers and his co-workers' y. The bubble model of Ishida
is also in basic agreement with this suggestion. However, two types
( 9 2 )of gbds have to be distinguished '. First there are those required
to make up the mismatch between the actual orientation relationship
and the exact coincidence angle. These boundary dislocations are
usually unable to move conservatively. The second type are mobile
gbds which originate from sources (e.g. grain boundary junctions)
and move in the originally perfect periodic structure of the boundary.
( 7 9 )Ishida and Henderson-Brown , working on creep-tested Fe-Mn alloys,
observed the first type of gbds and found that they could only move
by alternate glide and climb because of the roughness of the grain
( 8 1  8 5 — 8 4 )boundary surface. Other workers have supported this view 9 .
Although none of the proposed models of the grain boundary can 
explain all the experimental observations, there has been a tendency 
recently to propose models that will only explain the observed 
structures. The latest models generally describe boundaries as 
consisting of regular arrays of atoms with a specific and periodic
structure, on which are superimposed defects such as grain boundary 
dislocations. There is a certain amount of controversy as to the 
exact nature of gbds and it would appear that two types exist with 
different Burgers vectors. Both would appear to contribute towards 
grain boundary sliding although the climb and glide motion of 
dislocations along the grain boundary would probably be the rate 
controlling process.
3.2. G-rain Boundary Relaxation Peaks
3.2.1. Introduction
Grain boundary internal friction has recently been extensively
( 9 3 )reviewed by Gleiter and Chalmersv y and, therefore, only the more 
important experimental effects are considered in the following section.
5.2.2. Experimental Observations
Grain boundary relaxation peaks have been observed in a number 
of metals since the first observation of the peak in aluminium by
^(94,95)^ ^  also extended the work-’ to magnesium^^, copper^^*^^,
(55) (35 9 6  9 7 )alpha-brass ' and alpha-iron J 3 . The peak observed in alpha-
(4l) (98 99)iron was more recently studied by Postnikov ' and Leak 9 .
-1
An activation energy of 85 kcal mole for the grain boundary
relaxation process in alpha-iron was obtained by K^ e, who suggested
(94)that the controlling mechanism was volume diffusion . In a more 
extensive investigation Leak obtained an activation energy of 46 
kcal mole ^ which is comparable to that for grain boundary diffusion^^ 
The reason for this discrepancy appears to be due to the effect of 
impurities .
(4- 100) (4 101)Work on aluminiumv 3 1 and nickel 3 showed that the
activation energies for the grain boundary relaxation peak and volume
self-diffusion are comparable. However, work on copper(100)^ siivei/^) g
(32 53) (^l)nickelv 5 ' and iron'-" ' did not confirm this. In these metals
better agreement was obtained between activation energies for grain
boundary relaxation peaks and grain boundary self-diffusion.
Recently, Buzzichelli(-5-02) plotted activation energies for the 
grain boundary relaxation processes against the corresponding peak 
temperatures (°K), (Fig. 7). He found that all experimental results, 
except those for nickel, lie within a scatter band, about 200°K wide, 
centered on a straight line from the origin with a slope of 61.5 cal.
-i -1mole K .
5.2.2.1. Effect of G-rain Size
The effect of grain size on the grain boundary relaxation peak
u V -p 4. 1 (4,52,55,95,97) .has been determined m  a number of metals' 9 7 . It is
generally found that a gradual decrease in the height of the peak
occurs with increasing grain size which becomes more rapid as the
grain size approaches the diameter of the specimen. The peak
temperature is moved to higher temperatures as the grain size is
increased, but the activation energy does not appear to be affected 
(101,105)
a ( 9 5  9 7 )A hypothesis due to Ke 3 1 predicted that internal friction
was a function of the grain diameter. This hypothesis has been largely
(4l) (4) (104)disproved since work on iron' ', nickel' 1 and copper' ' showed
that measurements over a comprehensive range of grain sizes fitted
;re D :
(105)
2
better into a relationship where D was used, wher is the grain
diameter. This was first suggested by Starr et al 
(lOl)In nickel' , however, the relaxation strength varied as the 
reciprocal of the average grain diameter over the grain size range 
from 0.062 to 0.75 mm diameter. A similar relationship was found for 
copper(-^6) an(j iron^^^. Other workers have found that in copper 
(100,101) aluminium(l00) relaxation strength of the peak 
was independent of grain size as long as the average grain diameter 
did not approach the specimen diameter. In aluminium(100) j^g]^
was constant up to a grain size of 0.58 mm, but in c o p p e r i t
40.
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Fig, 7 Plot of Activation Energy against Peak Temperature for
Grain Boundary Relaxation Peaks in Metals 
(after Buzzichelli^^)
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started to fall for grain sizes greater than 0.115 mm. Both these 
grain sizes were small compared to the specimen diameter, which was 
0.762 mm.
Peters et al.^*^ showed that the relaxation strength for copper 
was independent of grain size. The peaks increased in width as the 
grain size increased, but the height decreased. Relaxation strength 
is a function of the peak height as well as the peak width, and since 
these changed in opposite ways, the relaxation strength remained 
constant.
5.2.2.2. Effect of Solute
The effect of substitutional elements on the grain boundary
relaxation peaks has been investigated in a number of solid solutions 
(4 104 109-114)
. The addition of solute elements causes the suppression
of the grain boundary peak of the pure solvent metal and the
introduction of a second peak at higher temperatures. The new peak
is normally referred to as the solute grain boundary peak. At higher
concentrations the solvent peak is completely suppressed.
The effect of alloying elements upon the solvent peak appears
to vary. In nickel-chromium^"^, iron-chromium( ) and copper-
(114)nickelv alloys the solvent peak was moved to higher temperatures 
and reduced in height as the solute content increased. In other 
copper-base a l l o y s ,109) ^  was on^y reduced in height.
The activation energy of the solute grain boundary relaxation
peak was found to increase with increasing solute concentration,
somet 
(114)
(15 108 109)
imes approaching a maximumv , 9 1, after which it decreased
. The increase in the activation energy for the relaxation 
process in titanium binary alloys was shown to be a function of the 
misfit parameter , In aluminium(^05) an£ c o p p e r a l l o y s  the 
activation energy was found to be linear with concentration for low 
solute concentrations.
The influence of substitutional solute elements in iron alloys
has not been extensively investigated. The first work was that due to
(110)Bunghardt and Preisendanzx ' who studied a series of iron- chromium
alloys containing up to 45% chromium. They found the activation
energy for the solute grain boundary relaxation process to be 93 kcal 
-1
mole and that the solvent grain boundary peak was moved to higher
temperatures with increasing solute content.
(104 112)More recently, Barrandv ’ 7 has re-examined the iron-
chromium system for chromium contents up to 43%. He found the
activation energy of the relaxation process to be independent of
-1
gram size and to increase from 46 kcal mole for pure iron to 52.3 
—1kcal mole for the alloy containing 43% chromium. Both the solvent
(iron) and solute (chromium) peaks were evident in alloys of low
chromium content. As the chromium content increased, the height of
the solute peak increased while that of the solvent peak decreased
(104)until it was completely suppressed. Barrand' 7 also observed that 
the peak temperature of the solvent (iron) peak was increased with 
increased solute content.
A grain boundary relaxation peak was observed by Lebedev and 
Postnikov^"^ in an iron-4% nickel alloy. This occurred at about
770°C with an associated activation energy in the range 59-69 kcal
—1 (117mole . A similar peak was observed in an iron-24% nickel alloyv 9
118  ^ (117^
. Franklin et al. have recently studied this alloy in detail.
It was found that a grain boundary relaxation peak occurred in the
austenitic phase at a temperature of about 780°C, having an associated
-1
activation energy of 63 kcal mole • It was suggested also that a 
peak observed in the martensitic phase at 462°C with an activation 
energy of 68 kcal mole was due to stress relaxation across the 
martensite-austenite interface.
A comprehensive study of the grain boundary relaxation peaks
in stabilised and unstabilised iron-20^ chromium-25^ nickel alloys
(119)has been made by Siddell and Szkopiak' '. The relaxation spectrum 
consisted of three constituent peaks occurring in the temperature 
regions of 650°, 690° and 770°C at 1 Hz. The relaxation strength and 
width of these peaks decreased and the peak temperature increased 
with increasing grain size. The activation energies of the three 
peaks were found to be 84, 68 and 71 kcal mole , respectively. It 
was suggested that the relaxation processes causing the peaks were 
associated with the solvent iron atoms, solute chromium atoms and 
solute nickel atoms, respectively.
The effect of interstitial elements on the grain boundary
relaxation phenomenon has not been extensively investigated. Pearson
(l09 111) tand Rotherham' 9 J showed that the effect of interstitials in
pure silver and copper was to reduce the peak height and move the
(99)peak to lower temperatures. Miles and Leak' J reported an initial
increase in peak height with increasing interstitial carbon or nitrogen
content in iron, which then rapidly decreased to zero at higher
concentrations. The peak temperature and activation energy of the
process, on the other hand, increased continually with increasing
interstitial content.
The effect of precipitation is relatively unknown. Peters et 
(108)
al. ' observed the grain boundary relaxation peak in a precipitation 
hardenable copper-2^ cobalt system at the same temperature as in pure 
copper. The peak height was initially much reduced by the presence 
of a fine dispersion of precipitates, but with increasing ageing 
time, the peak height increased and its activation energy decreased. 
Work on a copper-iron alloy also showed that the grain boundary 
relaxation peak was reduced as the amount of iron exceeded the limit 
of solubility in copper
5.2.3. Mechanism pf G-rain Boundary Relaxations
Theories of grain ‘boundary relaxations tend to fall into two
groups. The first group is based on grain boundary sliding mechanisms
(1,61,94) second on stress-induced grain boundary migration
(98 99 104 107)v 3 3 9 . Theories associated with grain boundary sliding
appear to be losing ground because of the difficulty in accounting 
for the presence of two grain boundary relaxation peaks in 
substitutional alloys, and the magnitude of the observed activation 
energies.
One of the first theories of the grain boundary relaxation
a ( 94)process was suggested by Kev ' who assumed that grain boundaries 
behave in a viscous manner and obtained the following equation
^ = d &uV b .... ................................ (32)
where is the viscosity, G is the unrelaxed shear modulus, D the 
grain size, 'tthe time for which stress relaxation is allowed to 
take place and d is the effective thickness of a grain boundary.
This equation was modified by Smith(103) give
YL= 6 d Or V d  ...............................  (53)
A  (94)Ke ' assumed an Arrhenius-type temperature dependence for and as 
the logarithmic decrement is a function of X 9 he obtained the 
following function
£ = f[^ D ^ o exp / Q \1   (34)
16 d & I r t /I
I -  U  J
In terms of Ke's theory it is possible to account for the fact 
that the activation energy for grain -boundary’relaxations is of the 
order of that for volume diffusion. It is also possible to explain 
the grain size effects and the effects of precipitates and impurities 
as being due to variations in the rate and distance of movement of 
the grain boundaries during sliding. However, with this theory, it 
is not possible to account for the presence of two peaks in
substitutional solid solutions or the variation in activation energy
with increasing solute content.
(61 'i
The theory due to Mott^ 7 is based on a model in which the
surface of contact between two crystal planes of different orientation
is divided into islands where the fit is reasonably good, separated
by areas in which the fit is bad. Mott assumed that the elementary
act which allowed slip to occur was the disordering of atoms around
each island and obtained an equation for the rate of slip given by
V = ya ntO<rexp (nL) exp (-nL)     (35)
kT l^F) w r
where v is the frequency of atomic vibration, a the lattice constant,
us the area of boundary per atom, cr the shear stress, n the number of
atoms disordered around each island, L the latent heat of fusion per
atom and T^ the melting point.
The activation energy for the process was set equal to nL, but
the physical significance of n is in question because its presence
is not observed experimentally.
With Mott's theory it is possible to account for the effects of
interstitial elements or precipitates on the grain boundary relaxation
process, and also for the changes in the height of the peak with
(42)grain size. However, McLeanv 7 has shown that the rate of sliding
predicted by the theory is too high.
(l)Nowickv 7 introduced the concept that stress relaxation across 
an interface can be readily described by considering an idealised 
interface located within the metal. The application of a shear stress 
to such a specimen produces a state of uniform stress throughout the 
material, which relaxes with time across the incoherent interface by 
slipping until the stress there is reduced to zero. The shear stress 
becomes re-distributed so that it is concentrated along the edges of 
the interface. Because the stress is increased at the ends, the
overall shear strain in the material is increased as a result of the 
relaxation process. Upon release of the stress, the existence of a 
reverse stress across the interface results in the restoration of the 
material to its original state.
The material therefore behaves like a standard linear solid 
and the time of relaxation Tis proportional to the linear dimension 
of the interface. The temperature dependence of X, and hence the 
activation energy is, however, independent of the size of the interface 
if the unit mechanism of the process is the same throughout the specimen* 
In the relaxed condition the shear stress undergoes a significant 
decrease in an approximately spherical region, which is known as the 
"sphere of relaxation".
Nowick postulated that in an annealed polycrystalline metal 
there will be a regular array of such interfaces in which relaxation 
or "viscous slip" would be held up at the edges and corners where 
the boundaries meet. The spheres of relaxation will not overlap 
significantly, which means that each interface responds to stress 
independently of the others. The relaxation peak due to grain 
boundaries is, therefore, a simple superimposition of the contributions 
due to the individual interfaces and, as the linear dimension of all 
interfaces are not the same, the internal friction peak will be 
broader than that for a single relaxation time.
In terms of Nowick's theory the fact that a broader peak is 
observed experimentally instead of the narrow one predicted for a 
single relaxation process is explained. It is also possible to 
account for the variation of peak height with grain size, and the 
effects of impurities. However, like previous theories, it is unable 
to explain the fact that two peaks are observed in dilute 
substitutional alloys.
Leak^^ has suggested a mechanism of damping caused by the
reversible migration of grain boundaries into adjoining grains.
Boundaries, in the form of dislocation networks, move reversibly
under the applied stress and since the boundaries are, in general,
irregular, migrations involve only one or a few atoms. The mechanism
is characterised by a Y  value which is comparable to that for a-
single atom jump and the associated activation energy corresponds to
that for grain boundary diffusion.
(99)Miles and Leakv 7 then proposed that, for substitutional alloys, 
when the impurity content is low, the atoms at grain boundaries will 
be of two types, the solvent and solute atoms. Each type will have 
its associated energy of activation for jumping from one lattice to 
the neighbouring one, and two relaxation peaks will be observed.
At higher impurity contents all atoms favoured for jumping, i.e. 
all distorted sites, will be occupied by solute atoms and thus only 
the solute peak will be observed. Interstitial atoms will also occupy 
the distorted interstitial sites in the boundaries. Under such 
conditions the energy barrier to be overcome by a solvent atom 
jumping to a neighbouring lattice site will be greater than for the 
pure metal. The solute peak will not be observed but the activation 
energy for the original solvent peak will be increased and its height 
decreased.
(l04)Barrand' 7 in an extension of the above theory accepted the 
dislocation model of the grain boundary and suggested that the observed 
relaxation characteristics would depend mainly on the dislocation 
density and, therefore, on misorientation. The presence of 
substitutional impurity atoms "inside" the grain boundary dislocations 
would slow down the movement of the boundary due to binding effects 
and thus increase the activation energy for the grain boundary 
relaxation process. This will give rise to the observed solute grain 
boundary peak.
Karmazin et al. have supported the above theory of Leak and
Barrand. These workers observed three peaks in copper-nickel alloys.
The first two peaks termed the copper grain boundary peak and the 
nickel grain boundary peak were described in terms of gbds which may 
glide and climb reversibly. As a result of this the grain boundary 
is reversibly shortened in the direction normal to its plane. 
Precipitation of impurities on the boundaries block the gbds. The 
motion of the blocked gbds is controlled by impurity diffusion and 
results in the appearance of a new impurity peak. The height of the 
peaks will depend on the number of dislocations sharing in the
movement and as a result on the grain size and impurity concentration.
(98 99) (104)
In terms of the theory due to Leakv 9 ' and Barrandv it
is possible to account for most of the observed effects particularly 
in substitutional alloys. It is based on the experimentally observed 
fact that grain boundaries are able to migrate under the action of 
an applied stress. The activation energy obtained from this theory 
should be the same as that for grain boundary diffusion and this is 
the value most frequently obtained. The presence of interstitial 
impurities will affect the rate of migration, and hence increase the 
activation energy, possibly raising it close to that observed for 
volume self diffusion.
The presence of two peaks in dilute substitutional alloys is 
also accounted for, but the fact that the solvent peak disappears 
as the solute concentration increases is not clearly explained.
With this model it would be expected that both peaks should be present 
even in concentrated alloys. It is, however, possible that, since the 
solvent peak is moved to higher temperatures as the solute 
concentration increases, the two peaks combine to give one broad 
peak. The presence of both solvent and solute grain boundary relaxation 
peaks have been found in an iron-20^ chromium-25^ nickel alloy by
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Siddell and Szkopiak^"^ who used computer analysis techniques to
split the observed relaxation spectrum.
Work on aluminium, nickel, copper and silver by Cordea and 
(a)
Spretnakv showed that there was a correlation between the gram
boundary relaxation strength and the stacking fault energy. Using
(122)
this relationship Roberts and Barrand ' plotted relaxation strength
(&E) against the width of dissociated dislocations (dQ) for a number
of metals and found that such plots consisted of two regions (Fig. 8).
In the first region, AE decreased linearly with increasing dQ while
in the second, AE was approximately independent of dQ. They suggested
that in the first region the relaxation peak was due to reversible
glide and climb of grain boundary dislocations, whereas in the second
only reversible glide could take place. More recent work by Roberts 
( 1 2 5 )
has shown that, in general, all the grain boundary damping 
data for the common fee metals follow this trend and that the 
correlation is also obeyed by metals having other crystal structures. 
In this work, Roberts used the reduced stacking fault energy G-b/y, 
where G- is the shear modulus, b the Burgers vector of the slip 
dislocations and Y the stacking fault energy because the use of Y 
alone was inconsistent with the data.
In terms of this model the effect of grain size can be explained, 
since the total energy dissipated by the relaxation process not only 
depends on the distance over which a dislocation can move, but also 
on the number of dislocations able to move. When the grain size 
increases, the number of dislocations in the grain boundary is expected 
to decrease and hence the relaxation strength will decrease. Where the 
relaxation strength is independent of grain size certain obstacles 
to the dislocation movement are possibly annealed away increasing 
the distance over which a dislocation can move. The resultant increase 
in relaxation strength will compensate the decrease in the dislocation
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(122^(after Roberts and Barrandv ')
density with increasing grain size.
(ll4)This model has been extended by Roberts' ' to account for the 
influence of an alloying element on the grain boundary relaxation in 
dilute solid solutions. He suggested that, since the correlation 
between solute concentration for grain boundary saturation and misfit 
parameter appears to be independent of variations in stacking fault 
energy, then the interaction between solute atoms and dislocations 
in the grain boundary is dominant in dilute alloys • The concept of 
individual grain boundary dislocations collecting a solute atmosphere 
and their subsequent motion being controlled by solute diffusion 
might explain the appearance of a solute peak. The barrier to grain 
boundary movement caused by the binding effect of solute atom to 
dislocation increases the activation energy for grain boundary 
relaxation. This, coupled with an increase in relaxation time will 
give rise to the solute peak being observed at a higher temperature.
In the stacking fault energy model it is assumed that the .grain
boundary consists of a dislocation structure similar to that observed
in the lattice. The latest theories of grain boundary structure
suggest that lattice dislocations in conjunction with the coincident
site lattice are responsible for the observed structures in high angle
(124)grain boundaries. Also, Langdon in a review of experimental
results from mechanical tests suggested that grain boundary sliding 
has a high activation energy and is only significant at temperatures 
greater than 0.45 T^ , where T is the melting point. This gives 
support to a climb-glide process of the gbds, with dislocations 
coming into the boundary from slip within the lattice. If, as seems 
probable, the grain boundary relaxation peaks are caused by a sliding 
mechanism then it would appear that the stacking fault energy may 
also affect the process since the extent to which gbds enter the 
grain boundary will depend on the ease with which partial dislocations
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are able to re-combine into single dislocations.
5*3* High Temperature Relaxation Peaks
High temperature relaxation peaks occur in metals between the
observed in gold by Marsh and Hall-'*'28  ^and since then a number of
normal grain boundary peak and the melting point. The first peak was
[ a l l -
these peaks have been CDbserved^?100'"101,:L26“':L29^ .
The peak occurs in pure metals and alloys after prolonged 
annealing at high temperaturesv - but is absent when impurities 
are present in the metal^2*^’^ 28^. However the peak height is 
increased when the impurity level exceeds the solid solubility limit
(120)  ^ppQionged annealing increases the height of the 
and it is moved to higher temperatures with increasing annealing 
temperature and grain size. The peak may reach a maximum talue on
prolonged annealing after which it is reduced in height as the
annea 
(125)
ling time is increas ed^28 > 129) ^ frequency dependent
and is normally two or three times the width of a single 
relaxation process ^ 29\
A satisfactory explanation of the high temperature peak must
be able to account for: l) the high activation energy, 2) high
relaxation strength = 0.2), 5) increase in relaxation strength
with annealing time, and 4) the large broadening of the peaks^29\
(l25)Marsh and Hall suggested that the peak was due to secondary
recrystallisation, but also commented that other factors must be 
involved since the peak was rather broad whereas recrystallised grains 
were uniform and should produce a narrow peak.
Datsko and Pavlov^128  ^ascribed the high temperature peak in 
nickel to the stress relaxation of polygonised subboundaries. These 
should behave in a similar manner to grain boundaries but since the 
disorientation of the subgrains with respect to each other is rather 
small, the deformation at the subboundaries is less than within the
55.
grain boundaries and the relaxation should occur at higher 
temperatures. The variation in the height and position of the peak 
may be explained by the process of splitting and growth of blocks 
during annealing. The presence of impurities would tend to move the 
peak to higher temperatures and to hamper the polygonzation 
processes. The main criticism of this theory is that the disappearance 
of the peak in large grain size s p e c i m e n s c a n n o t  be explained.
Another explanation of the peak is based on minute solute
(101)concentrations at particular types of grain boundary' '. This seems
unreasonable since impurities generally tend to lower the peak height 
(125,128)
(l27)Shapoval attributed the peak to vacancy diffusion in the
stress field, since the height of the peak was greatly increased in 
magnesium after quenching. The number of vacancies increase rapidly 
as the melting point is approached and it is possible that these 
may affect the high temperature peak.
Morton and Leak^®^ originally suggested that the peak was due 
to stress relaxation of coherent twin interfaces. This should have a 
high activation energy since a co-operative dislocation mechanism is 
required to maintain the twin boundary integrity. However, there is a 
large discrepancy in the activation energies for the high temperature 
peak in copper and gold which are similar with respect to other 
properties.
(129^
It was later suggested' } that the high temperature peak was 
due to grain boundary sliding, since it increased with grain size.
The sliding would be limited by boundary irregularities. The increased 
relaxation strengths of alloys may be due to a smoothing out of 
boundary irregularities by the absorption of solute atoms of. different 
size on the alloy boundaries.
Recent work on copper^*^ and n i c k e l j ^ g  that
two peaks occur above the conventional grain boundary peak. These are 
termed the intermediate temperature peak (ITP) and high temperature 
peak (HTP). The height of the ITP first increases with increasing 
grain size, reaches a maximum and then decreases, while the HTP only 
occurs when the grain size reaches 0.115 mm. As the grain size increases, 
the HTP increases in height and moves to higher temperatures.
Williams and Leak^^^ suggested that the HTP is caused by the 
relative rotation of the grains, since it only occurs when some grain 
boundaries extend across the specimen. The mechanism must have a high 
relaxation strength and be wider than that for a unique relaxation 
since the boundaries must have a range of orientations and structures.
The large activation energy probably results from having many atoms 
involved co-operatively in the sliding process.
The explanation of the HTP in terms of reversible grain boundary 
sliding has also been put forward by Roberts and Barrand^^,‘^ ‘***'^^.
The height of the peak will depend on the number and orientation of
/ c'/' N
bamboo boundaries. Li^ ' considered that the boundary consisted of 
an equilibrium number of jogs and the activation energy for grain 
boundary shear was a function of the number of jogs. The amount of 
shear would be increased by an increase in the number of jogs and, 
hence, the relaxation will depend on the jog density.
The ITP was suggested by Williams and Lea k ^ ^  as being due to 
the reversible migration of annealing twins. Roberts and Barrand 
(91,118) cons^ered it to be due to relaxation effects at grain 
boundaries containing impurity atoms and is similar to that known as 
the "solute" grain boundary peak. Impurity atoms inside the boundary 
dislocations slow down boundary movement and therefore should increase 
the temperature at which the peak occurs. They suggested that the 
relaxation process is the reversible glide of grain boundary 
dislocations, where the rate-controlling process is the diffusion of
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the impurities. An increase in grain size will initially increase 
the ratio of grain boundary solute-anchored dislocations to "free" 
dislocations since the dislocation density is decreasing. As large 
grain sizes are produced however the height of the peak will be 
decreased, since the total dislocation density is decreased.
The HTP observed in Cu-Ni alloys by Karmazin et al.^^^ has 
been explained in terms of the reversible slip on bamboo boundaries 
as a result of small stress cycles. The magnitude of the effect depends 
on the density of dislocation steps in the boundary and the latter 
on the stacking fault energy. G-rain boundary slip is controlled by 
the motion of dislocation steps in the boundary. These cause the 
emission of vacancies which are diffused from the source (mainly 
steps) during one half period of stress and back in the other half 
period. The activation energy of the process responsible for the 
dissipation of energy must therefore be equal to the sum of the 
activation energy of step motion and vacancy diffusion. This explains 
the high level of activation energy found for the high temperature 
relaxation peaks.
Although none of the models provide a complete explanation of the 
high temperature relaxation peak it appears that those involving 
grain boundary or twinned structures offer a greater possibility of 
explaining the results quantitatively than other models. However, 
because of the high temperatures involved defects such as vacancies 
must also play some role in the relaxation processes causing the 
high temperature peaks.
4. BORON EFFECTS IN AUSTENITIC STAINLESS STEELS
The addition of boron in small quantities to austenitic stainless 
steels; improves the high temperature rupture strength and ductility 
(155-15S)^ tpke 0ptimum boron content is often below 100 ppm., normally 
between 10 and 50 ppm. If this optimum level is exceeded the ductility 
diminishes because of the formation of a low melting point boride 
eutectic . It was originally thought that boron was concentrated
(l5g\
at grain boundaries and hence strengthened them' 1. However,
autoradiography has shown that at the temperatures of interest (600-
750°C) boron is segregated to carbides which form at the grain boundaries
at these t e m p e r a t u r e s 140). Direct observation of helium gas
bubbles in the vicinity of precipitates has also shown that boron
may substitute for carbon and nitrogen in other precipitates ^ •
A comprehensive study of the effect of boron on the creep-
rupture behaviour of type 516 austenitic stainless steel has been
(157^carried out by Williams et al . Low (10 ppm) and high (50 ppm) 
boron content steels were examined. In the as-received condition the 
boron was segregated in an atomic form at grain boundaries and within 
grains of the low boron steel, but segregated in the form of high- 
boron-content particles in the high boron steel. The absence of boron 
from solution in the latter steel produced inferior rupture lives in 
high-stress tests at temperatures below 700°C. However, solution of 
the boron-rich particles and re-distribution of the boron within the 
steel structure occurred during prolonged rupture testing at lower 
stresses, such that the rupture lives of the high boron steel proved 
superior to that with the lower boron content. At 700°C the boron was 
almost entirely segregated in the form of Mgg(C,B)g particles at the
grain boundaries and within the grains.
(140)Williams ' has also studied the segregation of boron in type 
516 stainless steel and found that non-equilibrium segregation of
boron to the grain boundaries occurred when the steel was cooled in a 
stream of cold argon (^50OC/sec) from 1050°C, Under these conditions 
there were few, if any, precipitates and it was inferred that the 
boron was segregated in an atomic form. If the steel was water-quenched 
(*'500°C/sec), however, no segregation was observed.
These observations were explained in terms of the mechanism
(l4l) (142-146)proposed by Aust et al. and discussed by Anthony et al
They suggested that solute atoms which are strongly bound to vacancies
can segregate to grain boundaries during cooling because they
accompany the vacancies to the boundaries when, as the temperature
falls, the equilibrium vacancy concentration is exceeded. It is
generally thought that boron atoms are associated with vacancies
in iron and steel, and it therefore seems possible that the boron
segregation observed in austenitic stainless steels occurs by this
me chanism ^ ^.
5e MATERIAL AND EXPERIMENTAL PROCEDURE 
5.1* Material
The materials used in this investigation were a high-purity 
iron-25^ nickel alloy, with and without horon, a commercial type 316 
stainless steel with boron, and a specially prepared type 316 stainless 
steel with and without boron. The chemical compositions of these 
materials are given in Table 1.
TABLE 1
CHEMICAL ANALYSES OP THE ALLOYS (wt.^)
Alloy No. Pe -Ni Cr Mo Co Mn Si C Ng
PN 75.0 25.0 - - - - -
FNB 75.0 25.0 - -
C316 66.8 11.4 17.5 2.50 0.057 1.54 0.320 0.039 0.02500
SP516 66.0 11.4 15.8 2.46 - 1.60 0.045 0.040 0.00500
SP516B 66.2 14.0 15.7 2.40 - 1.57 0.025 0.040 0.00584
The binary and specially prepared ternary alloys were supplied 
by the Fulmer Research Institute in the form of cold drawn 1 mm 
diameter wire. The commercial ternary alloy was supplied by the U.K. 
A.E.A., Harwell, in the form of 12.5 mm diameter rod.
5.2, Specimen Preparation
5.2.1. Cold Swaging
The commercial ternary alloy (C516) was cold swaged to 1 mm 
diameter wire through a series of hardened steel dies. To avoid 
cracking an interstage anneal was carried out at 1000°C for 30 minutes 
in an argon atmosphere at a diameter of 5 mm.
5.2.2. Annealing Treatments
Specimens, 250 mm long, were annealed in a direct resistance
furnace by passing through the wire a high current at a low voltage.
-5Annealing was carried out in a vacuum of less than 5 x 10 torr.
The specimen temperature was measured with an accuracy of i20°C
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/ B n S P (ppm)
5
17-42 
18 0.01 0.010
1 0.01 0.010
22 0.01 0.007
using an optical pyrometer which was calibrated at the melting points 
of pure metals in the same apparatus. Thermal expansion and contraction 
of the wire during heating and cooling was taken up by means of a 
screw tensioning device operating through a Wilson seal.
The materials were prepared as follows:
a) High purity iron-25^ nickel alloy (FN & ENB)
These alloys were annealed for 15 minutes at 1100°C in the direct
resistance furnace and then vacuum quenched. The wires were then cut
into 70 mm lengths and spot welded into the internal friction
apparatus where they were given heat treatments as detailed in Table
-52. The treatments were carried out in a vacuum of about 5 x 10 torr. 
The grain sizes obtained for these specimens are given in Table 5.
b) Commercial type 516 alloy (C316)
These alloys were annealed for 50 minutes at 110Q°C to obtain 
a constant grain size and were then given the heat treatments as 
detailed in Table 5 in the direct resistance furnace. The cooling 
rates for these specimens are shown in figures (9~1J). These rates were 
achieved by turning the variac down on the furnace at a constant 
rate as noted in the figures.
c) Specially prepared type 316 alloy (SP516 & SP516B)
A series of specimens were initially annealed at temperatures
r-?
in the range 1100-1500^0 for 50 minutes in the direct resistance 
furnace and vacuum quenched as detailed in Table 4. This was followed 
by annealing for 50 minutes at 1100°C and vacuum quenching. A range 
of grain sizes were obtained in these alloys as given in Table 5.
The remainder of the specimens were given an initial anneal for 50 
minutes at 1200°C followed by vacuum quenching, and were given the 
heat treatments as detailed in Table 6. The cooling rates used are 
shown in figures (9-ll).
TABLE 2
HEAT TREATMENT OF THE Fe-25% Ni ALLOYS 
Specimen No, Alloy No, Treatment
I1-00P 
11-0OB
11-90P
11-90B
11-75P
11-75B
12-00P
12-00B
12-90P
12-90B
12-75P
12-75B
11-90BC
12-90BC
FN
FNB
FN
FNB
FN
FNB
FN
FNB
FN
FNB
FN
FNB
FNB
FNB
Annealed for 10 mins. at 1100 C 
Cooled to 500°C
Annealed for 10 mins, at 1100 C 
Cooled to 900°C and held for 1 hr# 
Cooled to 500°C
Annealed for 10 mins, at 1100 C 
Cooled to 750°C and held for 1 hr* 
Cooled to 500°C
Annealed for 10 mins. at 1200 C 
Cooled to 500°C
Annealed for 10 mins. at 1200 C 
Cooled to 900°C and held for 1 hr. 
Cooled to 500°C
Annealed for 10 mins. at 1200 C 
Cooled to 750°C and held for 1 hr. 
Cooled to 500 C
Annealed for 10 mins. at 1100 C 
Cooled to 900°C and held for 1 hr. 
Measurements taken on cooling
Annealed for 10 mins. at 1200°C 
Cooled to 900°C and held for 1 hr. 
Measurements taken on cooling
TABLE 5
BEAT TREATMENT OF COMMERCIAL TYPE 516 ALLOY 
Specimen No. Final Treatment after Initial Anneal 
1100A Argon quench
1100V Vacuum quench
1100SC Cooling rate 2
800A •§■ hr, at 800°C, argon quench
800V hr. at 800°C, vacuum quench
800SC •§- hr. at 800°C, cooling rate 2
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TABLE 4
HEAT TREATMENT OE SP316 AND SP316B ALLOYS
Specimen No, Specimen No, Initial Anneal 
(Alloy SP516) (Alloy SP316B)
P1500 1500B 12 hr. at 1500°C
P1200 1200B 12 hr. at 1200°C
P1150 1150B 12 hr. at 1150°C
P1100 1100B 12 hr. at 1100°C
TABLE 5
AVERAGE GRAIN DIAMETERS OF THE ALLOYS
Decimen No. Grain Diameter 
(mm)
11-00P 0.075
11-00B 0.065
12-00P 0.091
12-00B 0*097
P1500 0.171
P1150 0.041
P1100 0.024
P1200 0.064
1150B 0.058
TABLE 6
HEAT TREATMENT OP SP316 and SP316B ALLOYS 
Specimen No.
Alloy SP316B 
11BV
11B1 - 11B7 
X2BV
12B1 ~ 12B7
10BV
A0B2
9BV
9B1 - 9B2 
85BV 
85B2 
8BV 
8B2 
Alloy SP316 
12P2 
12P6 
11FV 
11P4 
9P1 
8PV
Pinal Treatment 
(after an initial treatment of g hr. at 1200 C 
and vacuum quenching;
g hrB at 1100°C, vacuum quench
g hr. at il00°C, cooling rates 1 to 7 respect!
g hr. at 1200°C, vacuum quench
g hr. at 1200°G3 cooling rates 1 to 7 respecti
g hr. at 1000°C, vacuum quench
at 1QG0°C, cooling rate 2
g hr. at 900°C, vacuum quench
g hr. at 900°C, cooling rates 1 to 2 respectiv
g hr. at 850°C5 vacuum quench
g hr”, at 850°C, cooling rate 2
g hr. at 800°C5 vacuum quench 
g hr. at 800°Cj, cooling rate 2
g hr* at 1200°C, cooling rate 2
g hr. at 1200°C, cooling rate 6
g hr, at 1100°C, vacuum quench
g hr, at 1100°C5 cooling rate 4
g hr. at 900°C;) cooling rate 1 
1 og hr. at 800 C, vacuum quench
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5.5. Grain Size Measurement
Specimens were mounted and prepared by the usual metallographic 
means and then etched with the etchants shown in Table 7. In each 
case the etchant showed up the original austenite grain size which 
was measured by the method of linear intercepts.
TABLE 7
ETCHANTS USED FOR THE ALLOYS
Alloy No. Etchant Method of Application
FN . Sat. Picric Acid + 1% 5 mins. immersion at room
FNB Sodium Tridocylbenzene temperature. The etchant
+ 0.5% Cupric Chloride precipitates copper along
solution the grain boundaries. Excess
copper is removed by dilute 
ammonium hydroxide solution
C516 Acidic Ferrous Chloride 2 mins. immersion at room
SP516 solution temperature
SP516B
5.4. Internal Friction Measurements
5.4.1. Torsion Pendulum
An internal friction apparatus of the inverted pendulum type 
was used. The apparatus is shown in figure (12) and the specimen 
assembly in figure (15).
A specimen 70 mm long was spot welded at its lower end to a 
connecting rod which was rigidly held via a flange to the body of 
the apparatus. The upper end of the specimen was spot welded to 
another connecting rod which was attached to the mirror and inertia 
assembly. Longitudinal stresses on the specimen were reduced to a 
minimum by balancing the pendulum and specimen assembly. The assembly 
was attached by a pin vice to a 0.5 mm diameter wire connected to a 
specially shaped fulcrum which was balanced by a counterweight. The 
inertia bar of the pendulum consisted of the central mirror to which 
was attached two 5.2 mm diameter brass rods threaded to take brass 
balance weights. Torsional oscillations were imparted to the specimen
67.
assembly by passing pulses of current through two electromagnets 
positioned symmetrically opposite soft iron pieces placed below the 
inertia bar.
The specimen assembly was suspended inside a vertical vacuum
—5tube furnace which could be evacuated to a pressure of about 5 x 10 
torr. The temperature range of the furnace was 20°C to 1500°C and 
was controlled by means of a saturable core reactor. A steady heating 
rate of up to 10°C per minute could be maintained automatically. The 
temperature of the specimen was measured using a chromel-alumel 
thermocouple calibrated to an accuracy of 1°C. The measuring couple 
was situated about 2 mm from the specimen and 20 mm below the upper 
grip. The temperature gradient along the specimen was less than 5°C 
at temperatures above 300°C,
The amplitude of vibration of the oscillating pendulum was 
measured by directing a beam of light onto a concave mirror fixed to 
the pendulum assembly. The reflected light beam was directed through 
a series of mirrors to amplify the oscillations onto the photocell 
of a photodyne pen recorder. Oscillations could be recorded as a
function of time (Fig. 14). The system allowed measurements of amplitud
-5 -6ranging from 7 x 10 to 7 x 10
5.4,2. Measurement of Internal Friction
Internal friction was measured as a function of temperature. 
Measurements were taken every 5°C on heating and cooling over the 
temperature range from room temperature to 1200°C while the specimen 
was heated or cooled at a constant rate of approximately 4°C per 
minute. The frequency employed was about 1 Hz. Internal friction ($) 
was measured from the decay in amplitude of free vibrations using 
the equation:
& r= (l/n) In (AQ/An) .......................  (36)
where Aq is the initial amplitude and An is the amplitude after n
cyc.ie£
The amplitudes could be read to within -0o2 mm and assuming 
that all errors in reading were additive and that A ~ the error 
in irrespective of its absolute value would, be approximately ~ 1 %*
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Pig,12 Photograph of the Internal Friction Apparatus
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Pig,13 Diagram of the Inverted Torsion Pendulum
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Pig.14 Trace obtained from Photodyne Pen Recorder
6« PRELIMINARY INVESTIGATION 
6«1» Amplitude Dependence
Internal friction measurements are frequently amplitude 
dependent and, therefore, the amplitude dependence of each material 
used was studied, At temperature intervals of 100°C the specimens 
were excited to the maximum amplitude obtainable in the apparatus 
and then allowed to decay to almost zero amplitude. Each amplitude 
was then measured and plotted on a log-linear scale against the 
number of cycles.
The results of the amplitude-dependence study are shown in 
figures (15-20)• All graphs were found to consist of a curved and a 
straight line region, the former representing the amplitude 
dependent damping and the latter, the amplitude independent damping. 
The amplitude dependence decreased, with increasing temperature. 
Results reported in the current work were all made in the amplitude 
independent region, i.e. the maximum surface strain did not exceed 
2*5 x 10~5t
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7. COMPUTER ANALYSIS
7,1. Introduction
The analysis of the internal friction spectra has been carried
out by means of computer programs specially written for this type
of analysis. The theory behind the programs is adequately described
(147)in the paper published by Ahmad et al • These programs were 
originally wriiten for an Elliot 505 computer but have now been 
modified so that fuller use could be made of the facilities available 
on an ICL 1905P computer.
There are three main programs available. The logarithmic 
decrement program calculates S and l/T values from the data obtained 
during the internal friction measurements. The high and low 
temperature background damping contributions are then removed using 
the background subtraction program. This assumes that the damping 
obeys an exponential equation of the form:
= K exp(-Q/RT) .............   ....(37)
where Q is the activation energy of the damping process. The program 
calculates a best fit to the exponential curve from a number of 
specified points using a least squares analysis and subtracts this 
curve from the experimental data of £ £Or each l/T obtained from 
the previous program.
The peak analysis program is based on the calculation of Debye 
internal friction peaks using the equation:
& = seoh (Q/R)(lA " V*,)   (38)
where the controlling parameters are the peak height (^max) »
activation energy of the relaxation process (q ) and the peak
temperature (T^) • The equation describes, a Debye peak and in this
case Q is the true activation energy (Q^). It can be used to a first
approximation to describe peaks wider than Debye peaks when Q becomes
the apparent activation energy (Q )•a
80.
Any number of peaks can be calculated and subtracted from the 
original data, the residual %  for each l/T being obtained between 
each operation,
ill though the above programs are the main ones used in this work,
other programs have also been written for the graph plotting of data
and for linear least squares analysis.
7.2. Analysis of Results
The main problem associated with the analysis of the internal
friction curve is the quantitative evaluation and subtraction of the
background damping contribution from the experimental readings. For
the final removal and separation of the curve into its constituent
parts of relaxation peak, high and low temperature background, the
criterion for satisfactory separation was; that the sum of the computer
calculated values of the logarithmic decrement agreed with the
experimentally measured values within the experimental error at each
temperature of measurement.
7.2.1. Removal of Background Damping
Background damping consists of a low temperature and high
temperature contribution and both these affect the shape of the grain
boundary relaxation peaks. These contributions must therefore be
removed before an analysis of the peaks can be made.
The low temperature background below about 400°C was found to
rise very slowly on a straight line plot of log cT against l/T with an
-1activation energy generally less than 1 kcal. mole • Subtraction of 
this background damping was carried out by specifying two sets of 
points from the plot and using the computer to calculate the full 
background damping curve and subtract it from the data supplied.
After subtraction of the low temperature background a plot of 
log 6 against l/T generally showed a linear relationship in the 
regions above and below the grain boundary relaxation spectrum. By
81.
specifying points from these regions, the high temperature background 
could be subtracted to leave the grain boundary relaxation spectrum.
This method of high temperature background subtraction was 
checked by removing the grain boundary spectrum from the data after 
the low temperature background damping had been removed* This left 
a residue of high temperature background damping which was then 
compared with the values originally calculated from the log S against 
l/T graph.
7*2*2. Computer Analysis of the Grain Boundary Relaxation Spectrum
The initial step in the analysis of the grain boundary relaxation 
spectrum was to estimate the peak height, peak temperature and the 
apparent activation energy of the largest peak* This peak was then 
calculated from the estimated parameters and removed from the 
relaxation spectrum. After a check to ensure that no negative values 
had been produced, any other peaks were removed by specifying ranges 
of actual data together with approximate values of the peak height, 
peak temperature and apparent activation energy. The operation was 
then repeated by removing these peaks using estimated values of the 
controlling parameters and then determining the parameters of the 
largest peak from the residual values.
The whole operation was then repeated until the residual 
logarithmic decrement after removal of all the peaks was constant 
within experimental error.
8. PRELIMINARY RESULTS
8.1, Introduction
The main object of the present work was to study the effect of
horon on the grain boundary relaxation peaks in austenitic stainless
steels, in particular that of the type AISI 516. Since no previous
work of this nature was available, it was felt that a simpler alloy
system would provide more useful information. The preliminaiy studies
were therefore carried out on an iron-25^ nickel alloy with and
without the addition of boron. This type of alloy has previously
(117)been investigated in detail , and should be free from the effects 
of carbide and sigma phase precipitation on the grain boundary 
relaxation peaks.
8.2. Fe~25^ Ni Alloy
A typical internal friction curve measured at a frequency of 1 
Hz and with a heating and cooling rate of 4 C mini is shown in figure 
(21). The heating curve contains five peaks, while the cooling curve 
contains only two. The origin of these peaks has been previously 
investigated^*^. Figure (22) shows the effect of cooling and re­
heating the pure alloy over the temperature range 500°C to 900°C.
Only slight differences, which occurred in the temperature region of 
850°- 950°C, were observed in the two internal friction ourves.
All other measurements, apart from two made on cooling from 
900°C, were made on heating only, after the heat treatments detailed 
in section 5.2.2.
In both the Fe-25^ Ni alloy (FN) and the Fe-25^ Ni-B alloy (FNB) 
only one peak has been observed over the temperature range from 500°C
to 1100°C.(Fig.25). These curves were analysed with the help of a 
(147)computer' 7 and the results obtained are shown in Tables 8-10.
The grain boundary relaxation peak spectra, far three of the specimens, 
after the removal of the background damping are shown in figure (24).
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Fig.24 Grain Boundary Relaxation Peak Spectra for the Pure and
Boron-bearing Fe-25$ Ni Alloys
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TABLE 8
SUMMARY OF THE LOW TEMPERATURE BACKGROUND DAMPING FOR THE
Fe-25$ Ni ALLOYS AT 1 Hz
Specimen No. ^ -1 kcal mole
€  at 500°C 
(x 106)
3 at 900°C 
(x 105)
ll-OOP 0.70 0.42 0.57
11-OOB 0.72 0.64 0.88
11-90P 0.71 0.45 0.62
11-90B 0.75 0.54 0.75
11-75P 0.70 0.55 0.45
11-75B 0.75 0.40 0.55
12-00P 0.71 0.74 1.02
12-00B 0.72 0.54 0.47
12-90B 0.75 0.56 0.78
12-75P 0.75 0.79 1.11
12-75B 0.75 0.45 0.65
11-90BC 0.71 0.46 0.64
12-90BC 0.75 0.46 0.65
TABLE 9
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING FOR THE
Fe-25% Ni ALLOYS AT 1 Hz
Specimen No. Q -ikcal mole
S' at 500°C 
(x 103)
% at 90Q°C 
(x 10 )
ll-OOP 10.6 0.88 106.0
ll-OOB 10.7 0.75 91.5
11-90P 11.5 0.65 104.2
11-90B 10.6 0.88 106.0
11-75P 11.0 0.72 104.0
11-75B 11.5 0.55 98.7
12-00P 11.1 0.74 111.5
12-00B 10.6 0.95 112.1
12-90B 10.6 0.75 90.0
12-75P 11.0 0.74 107.5
12-75B 10.9 0.76 104.8
11-90BC 11.1 0.50 75.2
12-90BC 10.6 0.70 84.0
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TABLE 10
SUMMARY OF THE PARAMETERS OF THE GRAIN BOUNDARY RELAXATION
PEAK IN THE Fe-25% Ni ALLOYS AT 1 Hz,
Specimen No,* ^ -1
Peak Height Peak Temperature
kcal mole (x 105) (°C)
ll-OOP 51.7 59.5 760
11-OOB 50.2 45.0 751
11-90P 50.4 41.5 754
11-90B 24.5 46.0 755
11-75P 29.6 40.8 759
11-75B 25.8 59.2 754
12-00P 50.1 55.7 749
12-00B 52.2 54.9 757
12-90B 29.1 57.5 757
12-75P 25.7 57.2 752
12-75B 25.5 59.5 754
11-90BC 26.5 65.5 765
12-90BC 27.7 55.0 759
The relevant features of the results for the two alloys are as 
follows:-
1) The level and activation energy of the low temperature background 
damping is not affected significantly by the different heat treatments 
or by the presence of boron.
2) The activation energy of the high temperature background damping 
is also unaffected, although the level of damping is slightly lower
in the FNB alloy. The level of damping is also lower in those specimens 
where measurements were taken on cooling from 900°C.
5) The FN alloy annealed at 1100°C exhibited a grain boundary 
relaxation peak, the height of which is practically unaffected by 
subsequent heat treatments. The height of the peak is, however, 
reduced in the alloys annealed at 1200°C. This reduction is caused 
by the increase in the grain size of the specimens from 0.07 mm to 
0.09 mm (Table 5). The apparent activation energy is not changed 
significantly either by the annealing temperature or by the heat 
treatment.
4) The height of the peak in the FNB alloy is slightly affected by
89.
the different heat treatments and is, in general, higher than that 
observed in the FN alloy. This increase in height is not entirely due 
to the grain size effect, since the grain size of the FNB alloy was 
only slightly smaller than that of the FN alloy. The increase oould 
be due to the presence of boron. The apparent activation energy is 
lowered as the annealing temperature decreases, but the peak temperature 
remains unaffected. There is a significant increase in the peak heights 
and a slight increase in peak temperatures in the FNB alloy specimens 
where the internal friction measurements were taken on cooling. No 
such difference is, however, observed in the FN alloy (Fig. 22) and 
therefore the effect can be attributed to a re-arrangement of boron 
in the alloy. This is supported by observing the difference in the 
two internal friction spectra for the FNB alloy shown in figure (23).
The damping observed on cooling is lower than that observed on heating, 
and after analysis it can be seen that this is due to a reduction 
in the level of the background damping. As the peak height is increased 
in the specimen on cooling, it is probable that the two effects are 
due to a re-arrangement of the boron atoms between the grain boundary 
and the matrix during cooling.
If the results are compared with the published results for an
iron~24$ nickel alloy^'^ the following differences are observed.
The activation energy and level of background damping is slightly
lower in the present alloy. Only one peak is observed in the
temperature region 300°C to 1100°C, as in the iron-24$ nickel alloy,
but the peak temperature at 749°-765°C is lower. The apparent activation
energy and peak height are also lower in the present alloy. However,
all these differences can be satisfactorily explained by the fact
that the iron-24$ nickel alloy also contains 0.005$ carbon and 0.013$
(99)nitrogen. Miles and Leak' 7 have shown that, in iron alloys, the 
addition of carbon and nitrogen in these small quantities causes an
90.
increase: in the above parameters.
8.5. Summary
The? results for the iron-25$ nickel alloy show that the 
presence of boron affects the height of the grain boundary relaxation 
peak and that some re'-arrangement of boron atoms occurs between the 
grain boundary and the matrix when measurements are taken on cooling.
9. MAIN RESULTS
9.1. Introduction
The following sections incorporate the experimental results 
obtained for the pure and boron-bearing type AISI 516 austenitic 
stainless steel which formed the bulk of the present study. The 
internal friction spectra of the pure steel is first presented, 
followed by the spectra for the steel containing boron. These two 
types of spectra, are then compared and contrasted. In the final
section the effect of cooling rate on the internal friction spectra
of the two steels is presented and compared.
9.2. Pure Type 516 Steel
9.2.1. G-rain Size Effect
Typical internal friction spectra for the pure steel are shown 
in figure (25). After an analysis of the curves the results for the 
background damping are shown in Tables 11 and 12 and the relaxation 
peak spectra after the removal of the background damping in figure 
(26). A complete separation of the relaxation peak spectra into 
constituent peaks has not been carried out, but the residues after 
the removal of the highest peak, termed the high temperature peak 
(HTP), using the parameters in Table 15 are shown in figure (27). 
This clearly shows that the internal friction spectrum of the pure 
steel consists of the following peaks
1) A grain boundary relaxation peak spectrum which consists of more 
than one peak, the highest of which occurs in the temperature region 
802°C to 858°C (l/T = 0.95 - 0.90 x 10“3 V " 1).
2) A high temperature peak (HTP) which occurs in the temperature 
region 950°C to 980°C (l/T = 0.851. - 0.798 x lO."5 V"1), the height 
of which is greater than the grain boundary relaxation peaks.
5) Another high temperature peak (HTPl) which is smaller than the 
other peaks and occurs in the temperature region 992°C to 1027°C
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Fig.25 Internal Friction Spectra of the Pure Type 516 Steel at
Different Grain Sizes
lo
ga
ri
th
mi
c 
De
cr
em
en
t 
x 
10
o P1100
* P1150 
o P1200
* P1500
140
120
100
60
40
11
Pig.26 Comparison of the Relaxation Spectra of'the Pure Type
516 Steel at Different Grain Sizes
94
oo
C-l
CO
o
CMCO
OT 2 n.u0m0j:o8Q; oxmqq.pJceBo'i
Pi
g.
27 
Gr
ai
n 
Bo
un
da
ry
 
Re
la
xa
ti
on
 
Sp
ec
tr
a 
of 
th
e 
Pu
re
 
Ty
pe
 
31
6 
St
ee
l 
at
 
Di
ff
er
en
t 
Gr
ai
n 
Si
ze
 
a 
af
te
r 
Re
mo
va
l 
of
 
th
e 
hi
gh
 
Te
mp
er
at
ur
e 
Pe
ak
TABLE 11
SUMMARY OP THE LOW TEMPERATURE BACKGROUND DAMPING- POR THE PURE 
TYPE 316 STEEL AT 1Hz AT DIPPERENT GRAIN SIZES
Specimen No. kcal^mole” -^ § at 500°C (x 105)
cf at 900°C 
(x 103)
P1300 0.25 0.59 0.44
PL200 0.28 0.84 0.95
P1150 0.30 1.06 1.21
P1100 0.34 1.48 1.72
TABLE 12
SUMMARY OP THE HIGH TEMPERATURE BACKGROUND DAMPING POR THE PURE
TYPE 316 STEEL AT 1 Hz AT DIPPERENT GRAIN SIZES
Specimen No, Q  ^ ^ at 300°C c> at 900°C
kcal mole” (x 103) (x 103)
P1300 24.8 0.0003 21.2
P1200 26.1 0.0002 25.0
P1150 25.4 0.0004 40.4
P1100 26.6 0.0003 51.3
TABLE 13
SUMMARY OP THE PARAMETERS OP THE HIGH TEMPERATURE PEAK REMOVED 
PROM THE RELAXATION SPECTRUM OP THE PURE TYPE 516 STEEL
Specimen No. ^ -1 
kcal mole
Peak Height 
(r 103)
Peak Temperature
rc)
P1500 44.0 120.0 977
P1200 58.0 120.0 952
P1150 44.0 120.0 952
P1100 55.0 120.0 952
The only published work on a similar alloy system is that due
to Siddell and Szkopiak^9  ^* The alloy system in that case was an
iron-20% chromium-25% nickel austenitic steel. A broad grain boundary
relaxation spectrum was observed in that steel with heights up to a
—5logarithmic decrement of 98 x 10 at grain sizes smaller than 0.01 
mm. This relaxation spectrum occurred in the temperature range 690°C 
to 770°C. The spectrum was split into three constituent peaks, peak 1 
occurring in the temperature range 592°C to 658°C with a height of %
= 1.5 - 14.5 x 10~3, peak 2 occurring in the range 630°C to 723°C 
with a. height of o = 5.5 -42.0 x 10 and peak 5 occurring in the 
range 715°C to 807°C with a height of S = 6.6 - 70.7 x 10"3. Siddell 
(.148) jiag skQ^ that in that alloy a high temperature peak
occurred in the temperature region 950°C to 1060°C.
If the results for the two steels are compared it can be seen 
that in the pure type 516 steel the grain boundary relaxation spectrum 
occurs at a higher temperature. This may well be due to the effect 
of molybdenum and. manganese which were either not present or, in the 
case of molybdenum,present in much reduced quantities in the iron- 
20^ chromium- 25% nickel steel.
The HTP1 peak is also comparable to that observed in the iron- 
20% chromium-25% nickel steel. The HTP peak, however, does not occur 
in this steel and therefore appears to be unique to the type 516 
steel. For this reason, the present study has been mainly concerned 
with the various effects on the high temperature peak.
The effect of grain size on the internal friction spectrum of 
the pure type 516 steel can be summarised as follows:-
1) The level of damping for the complete internal friction spectrum 
increases as the grain size decreases.
2) The activation energy and level of the low temperature background
damping is increased as the grain size 'becomes smaller*
3) The activation energy of the high temperature background damping 
also tends to increase as the grain size decreases. This has a marked 
effect on the level of damping at high temperatures which is 
significantly increased.
4) The relaxation peak spectrum after the removal of the background 
damping is affected by the grain size as shown in figure (26). The 
height of the HTP as summarised in Table 15 appears to be «onstant 
with increasing grain size but the peak temperature is moved to 
higher temperatures when the grain size increases at the coarse end 
of the range. The apparent activation energy of the peak tends to 
decrease as the grain size becomes smaller.
5) The residue, after the removal of the HTP, shown in figure (27),
consists of two separate peak spectra, one occurring in the
temperature range 800°C to 840°C (l/T = 0.952 - 0,899 x 10~^ °K
and the other in the range 975°C to 1025°C (l/T = 0.801 - 0.770 x 
—5 o —1
10 K ). The heights of these peaks tend to increase with 
decreasing grain size, with the peak spectrum occurring at the lower 
temperature being the more affected.
9.2.2. Frequency Effect
The effect of frequency on the internal friction spectrum for 
the pure type 516 steel is shown in figures (28-29), and the parameters 
of the relaxation peaks summarised in Table 14. The relaxation spectra 
at the two frequencies after removal of the HTP is shown in figure (50). 
The general level of damping at high temperatures is increased as 
the frequency is decreased. This is caused by the increase in the 
activation energy of the high temperature background damping. The 
whole relaxation peak spectrum is moved to higher temperatures as 
the frequency is increased, with the HTP being moved further than 
the normal grain boundary peaks. This shows that the spectrum consists
98.
of true relaxation peaks and that the activation energy of the HTP 
is lower than that for the normal grain boundary peaks and the HTP1;
TABLE 14
SUMMARY OF THE PARAMETERS OF THE RELAXATION PEAKS FOR THE PURE 
TYPE 516 STEEL AT DIFFERENT FREQUENCIES ANNEALED AT 1100 °C AND 
VACUUM QUENCHED
Specimen No. Peak Q -ikcal mole
Peak Height 
(x 105)
Peak Tempi
(°c )
11FV OB 65.7 64.0 818
HTP 58.0 120.0 952
HTP1 48.0 16.0 1001
11FVSF GB 66.0 46.0 808
HTP 58.0 120.0 876
HTP1 47.5 14.0 965
9*5. Boron-Bearing Type 516 Steel
9.5.1. Grain Size Effect
Typical internal friction curves for the boron-bearing “type 516 
steel are shown in figure (5l). These curves have been analysed and 
the results for the background damping are shown in Tables 15 and 16. 
The relaxation peak spectra after the removal of the background 
damping are shown in figure (52), and the residues after removal of 
the HTP using the parameters given in Table 17 are shown in figure (55).
The relaxation peak spectra can again be split into three main 
constituents:-
1) A grain boundary relaxation peak speotrum which occurs in the 
temperature region of 750°C (l/T = 0.997 x  10 ^ °K~^).
2) A high temperature peak (HTP) which occurs in the temperature 
range from 906°C to 928°C (l/? = 0.848 - 0.855 x 10"5 V * 1), the 
height of which is considerably greater than that of the grain boundary
99.
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TABLE 15
SUMMARY OE THE LOW TEMPERATURE BACKGROUND DAMPING: FOR THE BORON 
BEARING TYPE 316 STEEL AT 1 Hz AT DIFFERENT GRAIN SIZES
Specimen No. Q ^ at 300°C &  at 900°C
kcal mole” (x 103) (x 103)
1500B 0.23. 1.90 2.10
1200B 0.27 0.59 0.66
1150B 0.33 0.48 0.56
1100B 0.37 0.57 0.67
TABLE 16
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING FOR THE BORON
BEARING TYPE 316 STEEL AT 1 Hz AT DIFFERENT GRAIN SIZES
Specimen No. Q % at 500°C cT at 900°C
kcal mole” (x 103) (x 103)
1500B 25.9 0.0002 22.8
1200B 27.2 0.0001 23.9
1150B 28.4 0.0001 39.6
1100B 30.2 0.00004 28.5
TABLE 17
SUMMARY OF THE PARAMETERS OF THE HIGH TEMPERATURE PEAK REMOVED 
FROM THE RELAXATION SPECTRUM OF THE BORON-BEARING TYPE 516 STEEL
pecimen No. Q -i
kcal mole
Peak Height 
(x 103)
Peak Temperature
(°c )
1300B 59.8 130.2 928
1200B 66.6 1.38.4 919
1150B 70.1 159.5 908
1100B 80.8 167.1 906
relaxation peaks,
3) Another high temperature peak (HTPl) which is smaller than the 
HTP, but larger than the grain boundary relaxation peaks, and occurs 
in the temperature region of 1025°C (l/T = 0.770 x 10 ^ °K”*^).
The effect of grain size on the internal friction spectrum of 
the boron-bearing type 516 steel can be summarised as follows
1) The level of damping for the complete internal friction spectrum 
increases as the grain size becomes smaller.
2) The activation energy of the low and high temperature background 
damping increases with decreasing grain size. This is associated 
with the level of damping at high temperatures which increases more 
rapidly.
5) The activation energy and the peak height of the HTP increases as 
the grain size becomes smaller. This effect is more marked over the 
range of small grain sizes. The peak temperature is moved to lower 
temperatures as the grain size is decreased.
4) The grain boundary peaks are not significantly affected by the 
grain size, although there is a tendency for the height to be reduced 
with increasing grain size. The effect on the HTPl peak is more 
marked, however, with the peak increasing in height as the grain 
size becomes smaller.
9.5.2. Frequency Effect
The effect of frequency on the internal friction spectrum of 
the boron-bearing type 516 steel is shown in figures (54-55). The 
relaxation spectra after removal of the HTP are shown in figure (56). 
The general level of damping and the activation energy of the 
background damping are both increased as the frequency decreases.
The relaxation spectrum, the parameters of which are summarised in 
Table 18, is moved to higher temperatures as the frequency increases 
showing that the spectrum consists of true relaxation peaks. The
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HTP is more affected by the frequency than the grain boundary 
relaxation peaks indicating that the true activation energy of the 
HTP is lower than that for the grain boundary peaks.
TABLE 18
SUMMARY OP THE PARAMETERS OE THE RELAXATION PEAKS EOR THE BORON 
BEARING TYPE 516 STEEL AT DIFFERENT FREQUENCIES ANNEALED AT 
1100°C AND VACUUM QUENCHED
Specimen No. Peak
kcal mole
Peak Height 
(x 103)
Peak Temperature
(°c )
11BV GB 65.0 2.5 721
HTP 67.0 158.4 919
HTPl 59.0 47,0 1055
11BVSF GB 81.0 5 .5 715
HTP 70.0 118.0 897
HTPl 75.0 58.0 999
9.4. Comparison of the Pure and Boron-Bearing Type 516 Steel
Figure (5?) shows that the relaxation peak spectra for the pure 
and boron-bearing steels subjected to the same heat treatment have 
different shapes. The pure steel has a much wider spectrum and after 
the removal of the HTP shows two peak spectra (Fig. 38), one in the 
temperature range from 800°C to 840°C and the other in the range from 
975°C to 1025°C. In the boron-bearing steel, on the other hand, after 
the removal of the HTP only a small peak is observed at about 715°C, 
while a much larger peak, almost double the height of that in the 
pure steel, is observed at about 1050°C.
The parameters of the HTP also differ (Table 19). Although the 
peak height and temperature are of the same order, the peak in the 
boron-bearing type 516 steel is considerably narrower than that 
observed in the pur© alloy. The HTP in the pure alloy occurs at a 
slightly higher temperature, and this is more affected by the grain
111.
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Fig*58 Comparison of the Relaxation Peak Spectra of the Pure
and Boron-bearing Type 516 Steel after Removal of the
-
High Temperature Peak
size. The grain size does not appear to affect the height 
significantly in the pure steel, hut in the boron-hearing steel, 
the height is increased with decreasing grain size.
TABLE 19
COMPARISON OP THE PARAMETERS OF THE HIGH TEMPERATURE PEAK IN
THE PURE AND BORON-BEARING TYPE 516 STEEL AT VARIOUS GRAIN SIZES
Annealing
Temperature
(°c )
Q
kcal mole
. Peak 
r  Height 
(x 103)
Peak
Temperature
(°c )
Q -l 
kcal mole
Peak Peak 
Height Temperature 
(x 105) (°C)
Pure Steel Boron-bearing Steel
1500 44.0 120.0 977 59.8 150.2 928
1200 58.0. 120.0 952 66.6 158.4 919
1150 44.0 120.0 952 70.1 159.5 908
1100 55.0 120.0 952 80.8 167.1 906
9,5, Effect of Cooling Rate 
9*5.1. Boron-Bearing Type 516 Steel
The effect of cooling rate from the annealing temperatures, 
detailed in Tahle 6, on the internal friction spectra of the boron- 
bearing type 516 steel is shown in figures (59-41) and summarised in 
Tables 20-22. The change in overall peak height with cooling rate 
is summarised in figure (42). Figure (45) shows the variation in peak 
height with annealing temperature of the HTP after vacuum quenching 
and after cooling at rate 2, while figure (44) shows the change in 
peak temperature under the same conditions.
The effect of cooling rate from different annealing temperatures 
on the internal friction spectrum of the steel after the background 
damping has been removed are summarised below. For all annealing 
temperatures the activation energy of the low temperature background 
damping has increased slightly as the cooling rate was reduced, but 
the level of damping has not been significantly affected. The
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TABLE 20
SUMMARY OF THE PARAMETERS OF THE HIGH TEMPERATURE PEAK FOR THE BORON 
BEARING TYPE 516 STEEL ANNEALED AT 1200°C AND COOLED AT VARIOUS RATES
Specimen No. kcal^mole""^ Peak Height (x 10s)
Peak Temperature
(°c)
12BV 77.4 129.6 912
12B1 49.2 125.6 927
12B2 52.6 152.0 907
12B5 62.2 161.7 901
12B4 62.5 181.2 925
12B5 71.0 152.5 888
12B6 65.8 168.4 895
12B7 62.6 171.2 895
TABLE 21
SUMMARY OF THE PARAMETERS OF THE HIGH TEMPERATURE PEAK FOR THE BORON 
BEARING TYPE 516 STEEL ANNEALED AT 1100°C AND COOLED AT VARIOUS RATES
Specimen No.
kcal mole
Peak Height 
(x 103)
Peak Temperature
(°c )
11BV 66.6 158.4 919
11B1 70.0 156.0 925
11B2 64.5 199.2 915
11B5 69.4 186.6 905
11B4 62.9 175.2 921
11B5 58.4 182.2 922
11B6 59.5 195.5 912
11B7 52.6 178.0 905
TABLE 22
SUMMARY OF THE PARAMETERS OF THE HIGH TEMPERATURE PEAK FOR THE BORON 
BEARING TYPE 516 STEEL ANNEALED AT 800°, 850°, 900°, and 1000°C AND 
COOLED AT VARIOUS RATES
Specimen No. Q -i 
kcal mole
Peak Height 
(xlO3)
Peak Temperature
( °c )
8BV 86.7 112.8 874
8B2 77.5 115.8 869
85BV 56.0 147.0 890
85B2 82.0 104.9 875
9BV 76.9 142.5 894
9B1 58.4 152.5 907
9B2 66.7 167.6 886
10BV 77.8 110.5 900
10B2 75.7 171.7 897
activation energy and level of damping of the high temperature 
background do not appear to be significantly affected by the cooling 
rate.
9.5.1.1. High Temperature Peak
1) Annealed at 1200°C
The height of the HTP increases rapidly as the cooling rate is 
changed from rate 1 to rate 2. It then levels off* There is also a 
marked drop in the apparent activation energy between vacuum quenching 
and rate 1, but this then increases again. The peak is moved to 
higher temperatures between vacuum quenching and rate 1, but then tends 
to move to lower temperatures as the cooling rate is further reduced*
2) Annealed at 1100°C
The height of the HTP is also increased significantly by the 
cooling rate, and the ultimate peak height is higher in this case.
The rapid increase in the height occurs earlier, between vacuum 
quenching and rate 1. The peak height after rate 2 fluctuates slightly 
but remains within the same region as that produced by rate 2. The 
peak temperature is increased between vacuum quenching and rate 1, 
but then tends to move to lower temperatures. Unlike those specimens 
annealed at 1200°C, the apparent activation energy increases slightly 
between vacuum quenching and rate 1 and then gradually decreases.
5) Other annealing temperatures
A summary of the changes in peak height of the HTP with cooling 
rate for the various annealing temperatures is given in Table 22. At 
800°C, the cooling rate does not significantly affect the height, 
width or temperature of the HTP. The peak heights in general are, 
however, lower than those observed on annealing at 1100°C and 1200°C. 
After annealing at 850°C an inconsistent effect is observed. On 
vacuum quenching the peak height of the HTP is higher than those 
observed after annealing at 1100°C and 1200°C. The peak is also
122.
narrower and is moved to higher temperatures* On slower cooling, 
however, the peak height is significantly reduced, the peak becomes 
broader and is moved to lower temperatures.
At 900°C after vacuum quenching, the HTP has similar 
characteristics to those observed at I100°C and 1200°C. On slower 
cooling the height is gradually increased, while the peak temperature 
is initially increased and then decreases. The apparent activation 
energy is affected in the opposite way, i.e. it first decreases and 
then slightly increases.
On annealing at 1000°C effects similar to those obtained on 
annealing at 1100°C and 1200°C are observed.
9.5.1.2. High Temperature Peak No.l
The changes in the peak height of the HTPl with cooling rate 
for various annealing temperatures are summarised in Table 25. Unlike 
the HTP, the height of the HTPl does not change consistently either 
with annealing temperature or cooling rate.
At annealing temperatures between 800°C and 900°C the peak height 
tends to decrease with cooling rate. This is accompanied by a slight 
increase in the apparent activation energy, while the peak is moved 
to slightly lower temperatures. On annealing at 1000°C, however, 
there is an increase in peak height between vacuum quenching and rate 
2 although the other properties of the peak are similar.
At 1100°C the height of the HTP tends to increase up to rate 5, 
as. the apparent activation energy decreases, but then as the cooling 
rate becomes slower the height is slightly decreased. The peak temperature 
remains fairly consistent throughout the cooling rate range.
The peak in the steel annealed at 1200°C first decreases in 
height at rate 1, accompanied by a large rise in the activation energy 
and peak temperature. It then shows a general increase in height to 
rate 7, although the variation in the peak characteristics is not
125
TABLE 23 .
SUMMARY OF THE PARAMETERS OF THE HIGH TEMPERATURE PEAK NO.l FOR THE 
BORON’-BEARING TYPE 316 STEEL AT 1 Hz ANNEALED AT VARIOUS TEMPERATURES 
AND COOLED AT VARIOUS RATES
Specimen No. Q -i
kcal mole
Peak Height 
(x 103)
Peak Temperature
(°c )
12BV 82.2 55.0 996
12B1. 125.0 18.5 1059
12B2 77.5 38.0 1012
12B3 65.0 45.5 1009
12B4 79.7 50.0 1012
12B5 71.0 62.0 979 •
12B6 75.1 57.0 989
12B7 65.7 51.0 1016
11BV 75.2 46.5 1035
11B1 77.3 48.5 1035
11B2 58.5 62.0 1058
11B5 62 c 6 75.0 1014
11B4 65.7 42.0 1059
11B5 73.0 29.0 1040
11B6 67.4 46.0 1029
11B7 58.4 41.5 1025
10BV 65.8 49.0 999
10B2 62.7 77.5 998
9BV 67.4 66.0 994
9B1 69.3 54.0 1019
9B2 77.2 58.0 979
85BV 50.6 69.5 1025
85B2 75.0 57.5 965
8BV 56.0 74.0 977
8B2 59.8 60.5 970
consistent v/ith change in cooling rate.
9.5.2. Pure Type 516 Steel
Since the general effect of the cooling rate was studied in 
this steel5 only six different combinations of annealing temperature 
and cooling rate were investigated. These covered the whole range of 
effects observed in the boron-bearing steel.
124.
background damping was practically the same as in the case of the 
boron-bearing steel. The relaxation peak spectra are shown in figures 
(45-46) and the constituent peak parameters given in Tables 24-25.
The relaxation spectra are affected by the annealing temperature 
and cooling rate, although the effect is greater on the peak spectra 
which occur in the temperature range 800°C to 840°C (l/T = 0.95 - 0.90 
x 10~3 °K~^) than on the HTP itself (Fig.45), The results can be 
summarised as follows
1) The highest relaxation peak occurs in the specimen annealed at 
900°C and cooled at rate 1.
2) Specimens annealed at 1200°C have slightly lower peaks, the highest 
occurring in the specimen cooled at rate 2. The other cooling rates- 
produce relaxation spectra of a similar shape, as does the specimen 
annealed at 1100°C and cooled at rate 4.
5) The steel annealed at 800°C has a lower peak spectrum occurring 
in the temperature range from 800°C to 840°C than the specimens 
subjected to the other heat treatments.
The effect of cooling rate on the overall relaxation peak height 
is shown in figure (47). This shows that the height remains fairly 
constant apart from two specimens. That annealed at 900°C and cooled 
at rate 1 has the highest peak height followed by the specimen 
annealed at 1200°C and cooled at rate 2.
9.5.5. Summary
The boron-bearing type 516 steel shows an increase in the peak 
height of the HTP when the cooling rate is decreased from vacuum 
quenching to rate 2. This increase only occurs for those steels 
annealed at 900°C or higher temperatures (Fig.42). No such increase 
is, however, observed in the pure type 516 steel and the effect must 
therefore be due to a re-distribution of boron within the steel
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TABLE 24
SUMMARY OE THE PARAMETERS OF THE HIGH TEMPERATURE PEAK FOR THE
PURE TYPE •516 STEEL AT 1 Hz ANNEALED AT 800°, 900°, 1100° and
1200°C AND COOLED AT VARIOUS RATES
Specimen No. Q
kcal mole
Peak Height 
(x 105)
Peak Temperature
( °c )
8FV 40.0 128 946
9Pi 57.0 130 917
11PV 58.0 120 932
11P4 44.0 112 959
12P2 41.0 126 925
12P6 45.0 118 940
TABLE 25
SUMMARY OF THE PARAMETERS OF THE HIGH TEMPERATURE PEAK N0.1 FOR
THE PURE TYPE 516 STEEL AT1 1 Hz ANNEALED AT 800°, 900°, 1100°
and 1200°C AND COOLED AT VARIOUS RATES
Spedimen No. Q  ^
kcal mole
Peak Height 
(x 105)
Peak Temperature
(°c )
8PV 175.0 5,0 1060
SPi 87.7 22.0 989
11PV 79,8 15.5 1024
11P4 62,6 21.0 979
12P2 105,2 9.0 1018
12P6 75,2 12.5 1024
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9.6. Effect of Ageing Time
The effect of holding specimens for up to 1 hour at 955°C (the 
approximate peak temperature of the HTP) is shown in figures (48-49)• 
The specimens were prepared in the same way as detailed in Table 6 
and then heated to 955°C in the internal friction apparatus at the 
same heating rate used for all the other internal friction
measurements. Figure (48) shows the variation in the overall height
✓
of the relaxation spectrum with time for the boron-bearing type 516 
steel annealed at 1100°C and either vacuum quenched or cooled at 
rate 2. The effect of ageing on the overall height of the spectrum 
of the specimen cooled at rate 2 is not significant but there is a 
large rise in the damping for the vacuum quenched specimen. This 
increase occurs in the first 20 minutes after which the damping 
tends to level off and follow a parallel, but slightly higher, curve 
than that produced by the specimen cooled at rate 2.
Figure (49) shows the effect of ageing time on the heights of 
both the pure and boron-bearing steels annealed at 1100°C and cooled 
at rate 2. It can be seen that there is little difference in the 
way the two alloys are affected by ageing, both tending to follow 
a similar curve.
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10, AUTORADIOGRAPHIC ANALYSIS
10)* 1 Introduction
The autoradiographic technique used in this work has been 
described in detail by Hughes et a l ^ r^ ,’*‘^ «  The specimens were 
generally as small as possible e*g. 2 x 2 x 0  *5 mm to minimise the 
total radioactivity induced in them. They were mounted in bakelite 
which is fully cured and polished but not etched* A small scratch was 
made on the surface to assist in interpretation*
The film was; prepared from a 20 wt./wt.$> solution of cellulose 
aceto-butyrate in methylethyl ketone, and applied to the specimen 
when dry. The film (on the specimen) was dried in a dessicator to 
remove the methyl isobutyl ketone which was needed to give a good 
contact with the specimen and then heated to 140°C. Specimens were 
then irradiated in a reactor in a position suitable for giving the 
highest ratio of thermal-neutron to fast-neutron flux* The temperature 
was; kept below 50°C.
10
During the irradiation any B atoms disintegrate to form:
-10 „ 4 _. 2B + n a He +• La
10(Boron consists of 18.8$: B and 81*2J$ B ). After irradiation the 
specimens; were soaked in water for a few minutes so that the films 
could be removed from them without damage and then the films were 
developed by floating them image-side down in a 10 molar potassium 
hydroxide solution at 50°C for 20—50 minutes. After washing and 
drying, the films were observed under phase-contrast microscopy.
The presence of boron is indicated by distinguishable tracks 
the shape and size of which depend on the heat treatment of the film 
before irradiation and the conditions of development. The number 
of tracks per unit area is proportional to the amount of boron per 
unit area of specimen. Under the best conditions, boron can be 
determined with a resolution of 2 m at concentrations down to 1 ppm
155 *
or less.
10.2. Fe-25% Ni Boron-Bearing Alloy
Auto-radiographs of the iron-25^ nickel boron-hearing alloy after 
annealing at various temperatures and water quenching are shown in 
figures (50-52). There, is little difference in the distribution of 
boron within this alloy after the various treatments. However, since 
this alloy undergoes a martensitic transformation above room 
temperature, no clear indication of the distibution of boron at the 
temperatures of interest could be obtained.
10.5. Boron-Bearing Type 516 Steel
Auto-radiographs of the boron-bearing type 516 steel after 
various heat treatments are shown in figures (55-60)•
Figures (55-55) show specimens which have been annealed at 
1100°C. After quenching the boron is clearly shown segregated to the 
grain boundaries in fairly large quantities. Cooling at rate 2 reduces 
the amount of boron at the boundaries and this is further reduced by 
cooling at rate 6, to the extent that the boron segregated to the 
boundaries is only indicated in the low magnification photograph.
The position of theborcn after re-heating specimens to 900°C 
(HTP peak temperature region) at a rate similar to that used in the 
internal friction measurements and vacuum quenching is shown in 
figures (56-58). The amount of boron at the grain boundaries is 
considerably reduced in all cases. The vacuum quenched specimen 
(Fig. 56) has; slightly less boron at the boundaries than the specimen 
shown in figure (55), which has been cooled at rate 2 but which has 
not been subjected to re-heating to 900°C. The specimen cooled at 
rate 2 (Fig. 57) has; approximately the same boron level as the original 
specimen cooled at rate 6 (Fig. 55), while that cooled at rate 6 (Fig. 
58) has only a very small amount of boron remaining at the grain 
boundaries.
154.
Specimens annealed at 800°C are shown in figures (59-60). It 
can be clearly seen that in these cases, the boron is not in atomic 
form but is associated with precipitates at the boundaries. 
Precipitation appears to be greater in the slower cooled specimens. 
10.4. Summary
The segregation of boron to grain boundaries in the boron- 
bearing type 516 steel is reduced as the cooling rate becomes slower, 
and is also reduced on re-heating to the HTP peak temperature at a 
rate similar to that used for the internal friction measurements.
x 130
x 500
Fig.50 Autoradiograph of the Fe-25% Ni Alloy after Annealing 
at 1100°C and Water Quenching
136.
x 500
25°/o Ni Alloy after Annealing at 
for 1 Hour and Vacuum Quenching
Fig.51 Autoradiograph of the Fe- 
1100°C, Holding at 750°C
157.
x 130
x 500
Fig.52 Autoradiograph of the Fe-25% Ni Alloy after Annealing 
at 1300°C and Water Quenching
158.
x 150
Fig.53 Autoradiograph of the Boron-bearing Type 316 Steel after 
Annealing at 1100°C and Water Quenching
x 500
159.
x 150
x 500
Fig.54 Autoradiograph of the Boron-hearing Type 516 Steel after 
Annealing at 1100°C and Cooling at Rate 2
140.
x 150
X 500
Fig.55 Autoradiograph of the Boron-bedring Type 516 Steel after 
Annealing at 1100°C and Cooling at Rate 6
141.
Fig.56
x 150
x 500
Autoradiograph of the Boron-bearing Type 516 Steel after 
Annealing at 1100°C, Vacuum Quenching, Re-heating to 
900°C and Water Quenching
142.
x 150
x 500
Fig. 57 Autoradiograph of the Boron-bearing Type 516 Steel after 
Annealing at 1100°C, Cooling at Rate 2, Re-heating to 
900°C and Water Quenching
m i
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x 150
x 500
Fig.58 Autoradiograph of the Boron-bearing Type 516 Steel after 
Annealing at 1100°C, Cooling at Rate 6, Re-heating to 
900°C and Water Quenching
144.
x 500
x 150
Fig. 59 Autoradiograph of the Boron-bearing Type 516 Steel
after Annealing at 1100°C, Vacuum Quenching, Re-annealing 
at 800°C and Vacuum Quenching
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Fig.60 Autoradiograph of the Boron-hearing Type 516 Steel after
Annealing at 1100°C, Vacuum Quenching, Re-annealing at 
800°C and Cooling at Rate 2
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11. GENERAL DISCUSSION
11.1. Introduction
The discussion will mainly be concerned with the effect of 
cooling rate on the distribution of boron and On the high temperature
peak in the boron-bearing type 516 steel. The low and high temperature
background damping will, however, be considered first, followed by 
a proposed model for the grain boundary and high temperature 
relaxation peaks.
11.2. Low Temperature Background Damping
Low temperature background damping can be attributed to three 
main sources:
1) The specific damping of the material
2) The energy loss of the apparatus
5) The oscillation of dislocation segments between pinning points
under the influence of the oscillating stress.
Since, for any one material the first two sources will remain
constant, any variation in the damping must be due to a variation in
the third source.
The most widely accepted model for this type of damping is that
(20—25)proposed by G-ranato, Lticke and Koehlerv , and is based on
dislocation nodes within the alloy. In most cases impurity atoms will 
pin the dislocations at more frequent intervals than the network nodes. 
At low amplitudes the dislocation loops between impurity atoms will 
vibrate. If the stress; is sufficient the dislocations are pulled away 
from the impurity atoms and are only pinned at the nodes of the 
dislocation network. Amplitude independent damping is due to the 
loss in damping of the vibrating dislocation segments, while amplitude 
dependent damping occurs when the dislocations are pulled away from 
the impurity atoms.
(21—25)G-ranato and Ltickev ' have shown that for this type of damping
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where A  is an orientation factor, -A. is the dislocation. density, L,
the mean length of a vibrating loop, vo, the frequency, t, a constant
which takes account of the fact that there is a distribution of loop
lengths, and that the longer lengths contribute disproportionately
to the internal friction, C, the line tension of the dislocation and
|3> is the damping constant of a moving dislocation.
The above model leads to the conclusion that the damping should
be proportional to frequency, but this is not confirmed experimentally.
This discrepancy probably arises from the fact that the treatments
of the string model ignore the effects of thermal fluctuations
The above model can be used to explain the observed effects of
the low temperature background damping found in this work.
All of the experimental observations were made in the amplitude
independent, range, that is, where, according to the model the
dislocations remain pinned to the impurity atoms. In general, the
activation energy of the low temperature background damping was found
—1
to be approximately 1 kcal mole (0.0455 eV) or less. This is in
(6)good agreement with the work of Kament'sky ' who reported that the 
activation energy for such a process should be less than 0.05 eV.
The activation energy of the low temperature background was
found to be independent of frequency over the frequency range tested.
(15 19 20) * ’ * ,
This is in agreement with previous workv 3 3 ' and is to be
expected since a change in the activation energy would indicate a
change in the structure of the material. It is unlikely that the
effect of frequency over the range tested (0.8 - 1.0 Hz) would affect
the structure significantly.
G-ranato and Lticke1 s theory shows that the level of damping
should increase as the frequency increases. This was found to be the
case: in the pure type; 516 steel, but the reverse occurred in the
boron-bearing steel. However, the! level of background damping is 
also dependent on the dislocation density to the same power factor. 
The dislocation density is dependent on the prior treatment of the 
specimens, and will be particularly affected by any variations in the 
handling of the specimens prior to testing.
The level and activation energy of the low temperature 
background in the Fe-25^ Hi alloy is not significantly affected by
the different heat treatments or by the presence of boron. This is
(14-8)in agreement with the work of Siddell' who found that the
activation energy was relatively unaffected by the variation of
solute content or grain size. However, it has been previously found
fdL2 16-18Vthat the addition of impurities reduces; the level of damping'' 9 ~ .
According to the model, this occurs because the impurities reduce 
the mean length of the vibrating loops which occurs in equation (59) 
raised to the fourth power. In the Fe-25^ Ni alloy, the autoradiographs 
(Figs. 50-52) show that the boron tends to be segregated around 
inclusions and precipitates rather than evenly distributed throughout 
the alloy. Hence the effects on the lengths of the dislocation loops 
will be much reduced.
In the pure type 516 steel, the activation energy shows a very 
slight increase and the level of damping increases as the grain size 
decreases, whereas, in the boron-bearing steel, although the activation 
energy increases, the level of damping is decreased. As has been 
previously stated, the activation energy should not change unless 
there are specific changes in the thermodynamic structure of the 
material. Type 516 steel is particularly affected by different forms 
of precipitation and the nature and degree of solubility and re­
formation of these precipitates is dependent on the annealing 
temperature and subsequent cooling rates. As the annealing temperature 
is increased, the more homogeneous the solid solution becomes and,
therefore, provided the cooling rate remains the same, the steel 
which has been annealed at the highest temperature (i.e. the one with 
the largest grain size) should have a more uniform structure at 
lower temperatures. This will mean that the activation energy of the 
internal friction process will consequently be lower.
The level of damping is affected by the dislocation density of
the material and, because of the lower annealing temperatures and
subsequent small grain size, the dislocation density in small grained
materials is expected to be higher than in large grained material.
Hence, the level of the low temperature background damping is
expected to increase as the grain size decreases. In the boron-
bearing type 516 steel, however, the opposite effect is observed.
The position of boron in the steel depends on the heat treatment of
(140)
the materialv '. As the annealing temperature is increased, providing
the cooling rate remains constant, the greater the concentration of 
boron at grain boundaries when the steel is cooled to room temperature. 
At lower annealing temperatures the boron has a tendency to remain in 
solution.
These facts can be used to explain the observed variation of the 
low temperature background damping from that predicted by the G-ranato- 
Liicke model. The model shows that the level of damping is dependent 
on the dislocation loop length, which is determined both by the 
number of dislocation nodes, and by the level of concentration of 
impurities segregated to the dislocation lines. At lower annealing 
temperatures it is probable that more boron atoms will be segregated 
at the dislocations than at higher annealing temperatures where they 
will be concentrated at the grain boundaries. Hence the level of 
damping will be reduced. It is suggested that this reduction in the 
level of damping more than compensates for the increase in the 
dislocation density caused by the lower annealing temperatures.
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level of damping. The activation energies, however, show a very slight 
increase as the cooling rate decreases which can again he attributed 
to the changes in the thermodynamic structure of the steel caused by 
both the movement of boron and precipitation effects.
11.5. High Temperature Background Damping
The grain boundary relaxation spectrum is superimposed on a 
rapidly rising background damping. This background damping was removed 
using a straight line relationship between log % and 3/T which shows 
that the damping follows an exponential curve of the type proposed 
by Postnikov^"^.
The activation energy of the high temperature background damping 
was found to be, in all cases, lower than that for the grain boundary
relaxation process, which is in agreement with that found by other
, (6,18,25,26,51) .. . „ ^ .workers' * 9 9 1. The activation energy was found to increase
with solute content as shown in Table 26.
TABLE 26
VARIATION OF ACTIVATION ENERGY FOR THE HIGH TEMPERATURE
BACKGROUND WITH ALLOY CONTENT
Composition Activation Energy
(Q kcal mole-1)
Fe-25% Ni 11.0
Pure type 516 26.6
Boron-bearing type 516 50.2
There are two contrasting theories for the high temperature
(10 51 55background damping. The first is based on dislocation movementv 9 9
particularly when affected by point defects in the lattice^
while the second is based on vacancy formation^^,^ ,^ ’~^*^^ •
( 26)Birnbaum and Levy' ' favoured the dislocation motion theory 
and suggested that in the temperature range where the decrement
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increases exponentially the dislocations will no longer be pinned
by solute atoms but only by intersections with other dislocation
lines. Schoeck et al. proposed that a diffusion controlled dislocation
relaxation was responsible for the damping. This was extended by 
(l52)DarinskL et al. ' Who proposed a theory based on the non­
conservative motion of dislocations of mixed type. The speed of 
dislocations climbing under the influence of external stresses, 
increases with decreasing angle between the Burgers vector and the 
dislocation line. The elementary acts of emission and absorption of 
vacancies in the climb processes of such dislocations can occur as
the result of the reaction between kinks and steps which are oriented
(39)in various ways. Postnikov et al. explains the damping in a
similar way by the climbing of unattached edge dislocations.
( 28)
However, Shmatov and G-rin' ' proposed that the change in the 
high temperature background damping was due to a change in the 
concentration of vacancies, the number of which increase exponentially 
with temperature. They assumed that the background arises from the 
non-equilibrium change in the number of vacancies during the process 
of periodic deformation.
If, however, the background damping is solely dependent on the 
number of vacancies the following effects should be observed:
1) At a constant annealing temperature the number of vacancies which 
are retained in the alloy at low temperatures will depend on the 
cooling rate. The faster the quench, the greater the number of retained 
vacancies and consequently the level of background damping would be 
higher.
2) At a constant fast cooling rate the number of vacancies retained
in the alloy at low temperatures will depend on the annealing temperature 
The higher the annealing temperature, the greater the number of 
vacancies which should be retained at low temperatures. Hence, the
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level of background damping should be higher, the higher the annealing 
temperature.
In the present work it has been found that there is no definite
relationship between cooling rate and internal friction to support
(36 57 148)
the first effect noted above, and it is generally foundv 9 9 
that the level of background damping is increased with a decrease in 
grain size (and hence in annealing temperature). Therefore it is not 
possible to explain the observed effects of the high temperature 
background damping in terms of vacancy movement alone.
The following model, based on the above theories, is therefore 
proposed and the experimental results are explained in terms of this 
model.
The high temperature background damping is caused basically by 
the diffusion controlled movement of dislocations. At low temperatures 
there is little diffusion and the dislocations are strongly pinned 
giving rise to the low temperature background damping. As the 
temperature increases, the dislocations are able to break free from 
the impurity atoms which are pinning them, giving rise to an increase 
in the level of damping. As the temperature rises, diffusion can take 
place more easily and the non-conservative motion of dislocations 
will occur through the emission and absorption of vacancies. These 
vacancies will play an increasing part in the high temperature 
background damping as the temperature continues to rise, since they 
will be continuously generated. The generation of vacancies occurs 
on an exponential basis thus giving rise to the exponential nature of 
the background damping.
In the Fe-25% Ni alloy it was found that the level of the high 
temperature background damping was lower in those specimens where 
measurements were taken on cooling. This, can be explained in terms of 
the above model. On holding at 900°C for one hour the alloy moves towards
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an equilibrium structure. On cooling rapidly to 500°C in readiness 
for the measurements to he taken on re-heating, a non equilibrium 
structure is produced which will create stress in the alloy, 
particularly as this alloy is subject to a martensitio transformation 
at low temperatures. This will produce an increase in the number of 
dislocations and hence a larger background damping. On cooling 
slowly, however, a truer equilibrium structure is maintained and 
hence the level of damping will be lower.
The activation energy of both the pure and boron-bearing type 
316 steels are increased with a decrease in the grain size. A similar 
reason to that proposed for the low temperature background damping 
is suggested. Since the background damping is caused by dislocation 
movement, the less resistance to the movement, the lower will be the 
activation energy. The steels annealed at the highest temperatures 
will have the lowest dislocation density and, in addition, will be 
more homogeneous, since the precipitates will tend to dissolve 
quicker.
The increase in the activation energy with alloy content as 
shown in Table 26 is caused by the increased resistance to dislocation 
movement in the more complex alloys. This movement will be hindered 
by the precipitates which will pin the dislocations and also by 
impurities which will segregate to the dislocations creating a viscous 
drag.
The general level of damping at high temperatures is increased 
as the frequency is decreased. However, at room temperatures it is 
found that the background damping is lower at the slower frequency.
The latter effect is in agreement with that predicted by the 
dislocation pinning theory of G-ranato and Lticke^^ . The former 
effect is due to an increase in the activation energy of the 
background damping with a decrease in frequency. This is in agreement
154.
with previous work^0*00  ^which showed that the decrease with increasing 
frequency occurs at a rate less than the reciprocal of the frequency. 
This can be explained in the following terms* The lower the frequency, 
the smaller is the amount of energy which is imparted into the system 
at any given temperature. There will thus be a greater resistance 
to the dislocation movement, created by the precipitates and solute 
drag, and, hence, an increase in the level of damping.
11.■4. Proposed Model for the Grain Boundary and High Temperature
Relaxation Peaks
11.4.1. Solvent Grain Boundary Relaxation Peak
The grain boundaries of any alloy are known to consist of a 
combination of coincidence-site, near coincidence-site and random 
boundaries. The definitions of these terms have been considered in 
detail in section 3.1. Coincidence-site grain boundaries generally 
occur when some atoms at the boundary of a lattice with a specific 
orientation are in coincidence with those atoms of an adjacent lattice 
with a different orientation. Near coincidence-site boundaries can 
be produced when randomly oriented boundary planes minimise their 
energy by developing a faceted structure with the facets lying along 
high coincidence-site density planes •
It is important to distinguish between coincidence-site (including 
near coincidence-site boundaries) and random grain boundaries, since 
it is well known that these two types behave differently under conditions 
of sliding and m i g r a t i o n •
Grain boundary migration experiments have shown, for example, 
that there is a marked difference in the mobility of coincidence-site 
and random grain boundaries 3-55)^  sliding rate of a 
coincidence-site boundary was only about 10$ of that of a random 
boundary and very low sliding rates are characteristic of boundaries 
corresponding to a high coincidence-site relationship.
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F l e t c h e r h a s  estimated that* if the "boundary orientation 
is free, then approximately 40$ of crystal mis orientations can be 
connected by boundaries containing intrinsic grain boundary 
dislocations (i.e. by coincidence-site or near coincidence-site 
boundaries)•
Recent models for the grain boundary relaxation peak have been
based on the movement of extrinsic and intrinsic dislocations present
in the grain boundary^157’ A simplified model of a grain
boundary containing extrinsic grain boundary dislocations (gbds) in
the form of spirals is shown in figure ( 6 1 ) ,  These spirals play
a part in allowing the boundary to migrate as shown schematically.
The process basically consists of internal crystal growth and
dissolution brought about by the movement of appropriate internal
crystal ledges (actually gbds) at the grain boundary. This process
(73 160 V
has been analysed and described by Gleiterv 5 '.
Ashby(161) pr0p0Se(^  a similar model and states that it is 
possible for sliding and migration to occur at the same time. He has 
calculated the viscosity of a grain boundary which slides by such a 
process and has obtained an expression which is the Stokes-Einstein 
equation for a grain boundary.
where is. the boundary diffusion coefficient and d is the atom size;
Ashby; has shown, that;: the boundary viscosity from internal 
friction measurements on silver and copper compare very favourably 
with that calculated;using the model., ,•
This model can: be;extended to solid solutions as follows. 
Segregation of solute atoms to the boundary will tend to slow down 
sliding and may,result in a change in the activation energy, to that 
for bulk diffusion of the solute. The high angle boundary viscosity 
is then given by: -
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where ^  is the total number of atoms segregated per unit area of
of boundary, Dg, the bulk diffusion coefficient for the solute, R, the 
ratio of migration to sliding and 5, the boundary thickness.
When the second term is dominant the sliding is controlled by 
bulk diffusion. At sufficiently high sliding (and thus migration) 
velocities, the boundary would break away from itanshlute.. . 
atmosphere and revert to the faster boundary-diffusion controlled 
sliding.
The above model of grain boundary sliding can be used to explain 
a number of properties of the grain boundary relaxation peak as 
follows:
1) The activation energy for the relaxation process in pure metals 
is close to that for grain boundary diffusion while in impure metals 
it is nearer to bulk diffusion.
2) The observed relationship between stacking fault energy and the 
grain boundary relaxation p r o c e s s I n  metals with a high stacking 
fault energy the dislocations are easier to move and under the action 
of the applied stress will be forced into a grain boundary, sincd they 
will not be restricted by any faulted material restraining them. Thus
a boundary in a metal with a high stacking fault energy will have 
more spirals (steps) than a metal with a low stacking fault energy. 
Since there are many more dislocations in the boundary of the high 
stacking fault energy metal, the sliding rate and hence the energy 
dissipation will be greater than in those metals with a low stacking 
fault energy. Thus the grain boundary relaxation peak will also be 
higher, i.e. the absorption of energy will vary in proportion to the 
dislocation density in the boundary.
3) The majority of grain boundary relaxation spectra observed do not
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correspond to a unique relaxation time since they are generally too 
wide* This can be adequately explained if we consider
a) the variations in structure from the coincidence-site to the 
random grain boundaries which are known to have different properties.
b) the effect of the very small amounts of impurities which have a 
tendency to segregate to random grain boundaries'^.
This second explanation leads to a proposed model for the solute 
grain boundary peak in substitutional solid solutions.
11.4.2. Solute Grain Boundary Relaxation Peak
(153—155)Experiments carried out by Aust and Rutterv 1 have shown
that
i) small solute concentrations dramatically retard boundary migration
ii) boundaries which are close to a coincidence-site orientation 
relationship are slowed down less than random grain boundaries if 
substitutional solute atoms are present.
This effect may therefore be responsible for the solute grain 
boundary relaxation peak in substitutional solid solutions as follows. 
Without the presence of solute the energy absorption by all types of 
grain boundary is assumed to be similar. However, as solute atoms 
are introduced the movement of the random grain boundaries is slowed 
to a greater extent than that of the coincidence-site boundaries.
Hence there will be an initial broadening of the grain boundary 
relaxation peak, since the random boundaries' will absorb energy at 
a higher temperature. The peak will eventually split into two peaks. 
The £ solvent1 peak which is caused by the coincidence-site grain 
boundaries will remain at approximately the same temperature since 
the segregation of solute to these boundaries is minimal. The 'solute* 
peak will move to higher temperatures since this is caused by the 
segregation of solute atoms to random grain boundaries. Both peaks 
will be lower in height than the original peak since approximately
40$ of grain boundaries will contribute to the solvent peak and 60$ 
to the solute peak. As the solute content is increased there will be 
increasing solute segregation to the coincidence-site grain boundaries 
causing this peak to be moved to higher temperatures. Eventually 
the two peaks will re-combine, although it should still be 
theoretically possible to separate them. The activation energies of 
the relaxation peaks will increase since the solute atoms will interfere 
with the diffusion of the atoms along the grain boundary thus 
increasing the viscosity in line with the theory due to Ashby^161^.
11.4.3. High Temperature Relaxation Peaks
The sliding rate of a coincidence-site grain boundary has been 
shown to be about 10$ of the sliding rate of a random boundary^5 ^ .
The results of sliding experiments indicate that the sliding rate of 
a grain boundary and the activation energy of sliding are related to 
the orientation relationship of the grain and grain boundary structure. 
Very low sliding rates are characteristic of boundaries corresponding 
to a high coincidence-site relationship. These types of boundaries 
will thus only slide at high temperatures and this can lead to an 
explanation of the high temperature peak. It is assumed that this 
peak is caused by the sliding of coincidence-site boundaries. The 
peak will thus be affected by both annealing time and temperature 
since both these factors affect the proportion of coincidence-site 
to random grain boundaries. As these factors are increased the grain 
boundary structure will tend towards that of lower energy and will 
ultimately form a coincidence-site boundary. Hence the longer the 
annealing time, the higher the high temperature peak will tend to be, 
since there will be more coincidence-site boundaries formed.
Solute atoms can influence grain boundary sliding by two mechanisms:
i) Segregation of solute atoms at the grain boundary may result in 
solid solution hardening of the adjoining lattice or
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ii) Segregation may cause faceting of the grain boundary plane.
In both cases solute atoms will reduce the sliding rate.
The decrease in or non-existence of the high temperature peak 
in the presence of impurities may thus be explained by the decrease 
in the rate of sliding of the coincidence-site boundaries or 
alternatively to the fact that fewer coincidence-site boundaries will 
be formed at a particular annealing temperature due to the retarding 
influence of the impurity atoms.
McLean^^7  ^has shown that although in the normal grain boundary 
relaxation peak it is probable that both lattice and structural 
dislocations contribute to sliding, the evidence indicates that the 
controlling type is the lattice dislocation. However, in the high 
temperature peak the increasing temperature effect may overcome the 
controlling influence of the lattice dislocations, causing the 
structural dislocations in those boundaries close to a coincidence- 
site relationship to become responsible for the sliding process.
11.5. Grain Boundary Relaxation Spectrum
The relaxation peak spectrum which is superimposed on the rapidly 
rising background damping in the steels investigated in the present 
work has been shown to be connected with grain boundaries since the 
peak height varies with grain size. The change in peak temperature 
with frequency shows that the spectrum also consists of true relaxation 
peaks. The relaxation peak spectrum can be split into three regions:
1) Normal grain boundary relaxation peak spectrum
2) High temperature relaxation peak (HTP)
3) A further smaller high temperature peak (HTPl)•
The peaks in 1 and 3 above can be favourably compared with those 
observed by Siddell and Szkopiak^ ' in an iron-20$ chromium-25$ 
nickel austenitic stainless steel. Any differences observed can be 
attributed to the change in the composition of the. steel and the
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behaviour of the peaks can be explained in terms of the model 
proposed in this thesis.
The change in peak height with grain size is simply due to the 
fact that the total area of grain boundary decreases as the grain 
size increases. Since the height of the relaxation peak must be 
directly related to the amount of grain boundaries contributing to 
the relaxation process, any decrease in the number and area of grain 
boundaries must cause a corresponding decrease in the height of the 
grain boundary relaxation peak.
The very low grain boundary relaxation peaks in the boron- 
bearing type 516 steel are due to the segregation of boron to the 
grain boundaries during vacuum quenching. This segregation is clearly 
shown by the autoradiographs (Figs. 55-60). The boron atoms appear 
to act as interstitials during internal friction m e a s u r e m e n t s . 
Consequently they will not take the place of the vacancies in the 
boundaries, which are responsible for the sliding and migration 
mechanisms causing the grain boundary relaxation processes. However, 
they will occupy the distorted interstitial sites in the boundaries, 
and under such conditions the energy barrier to be overcome by the 
vacancy movement, corresponding to a solvent atom jumping to a 
neighbouring lattice site, will be greater than that in a pure metal. 
The number of active sites for migration will be reduced causing a 
decrease in the height and an increase in the activation energy of 
the relaxation peak.
The small high temperature peak (Fig. 58) is enhanced in the 
boron-bearing steel and shows only a slight dependence on grain size. 
This would be expected if the peak is due to grain boundary sliding 
of coincidence-site boundaries. As the annealing temperature is 
increased there would be a tendency for the number of coincidence- 
site boundaries to increase, since these boundaries have a lower energy
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than random grain boundaries. However this increase in the number of 
boundaries would be counteracted by a decrease in the total area of 
boundaries available for relaxation processes as the grain size 
increases. Thus only a small variation in the total area of 
contributing boundaries is to be expected.
The enhancement of the high temperature peak in the boron-bearing 
•type 516 steel is contrary to the effects predicted from the model, 
i.e. the boron and other interstitial atoms present at the boundaries 
should hinder the sliding process resulting in a decrease in the 
height of the peak. However, boron in these types of steels is known 
to affect both the levels of free interstitial carbon atoms by 
increasing the tendency to form complex carbides^ f and also to 
suppress the formation of -phase^*^ • Both of these factors will 
affect the height of the high temperature peak. In addition, the 
peak temperature (1055°C) is high enough for the boron to diffuse 
away from the grain boundaries during internal friction measurements 
(section 9.6.) thus reducing its inhibiting effect on the high 
temperature relaxation peak.
The high temperature peak (point 2 above) does not occur in the
(iiiron-20% chromium-25$ nickel alloy examined by Siddell and Szkopiakv J 
and is therefore unique to the present system. The peak occurs in 
both the pure and boron-bearing type 516 steel and hence cannot be 
attributed to boron. The main difference in the composition of the 
type 516 steel and the iron-20$ chromium-25$ nickel steel is the 
presence of 2.40$ molybdenum in the type 516 steel. The high 
temperature peak can be attributed to this metal for the following 
reasons.
The proposed theory for the grain boundary relaxation peak 
(section 11.4.1.) gives the high angle boundary viscosity for 
substitutional solid solutions in terms of equation (4l)• In any
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given alloy system, the first term in the equation, which relates to
the solvent metal will remain constant, but the second term will
depend on both Dg, the bulk diffusion coefficient of the substitutional
solute atom and ^ s \  the total number of atoms segregated per unit 
su.
area of grain boundary.
Table 27 shows diffusion data for the major constituent solutes 
of the type 316 steel. It can be seen from the table that the diffusion 
TABLE 27
DIFFUSION DATA FOR THE MAJOR CONSTITUENT SOLUTES OF THE TYPE 
516 STEEL
Alloy Phase Dg Q
cm sec"**** kcal mole
Fe-Mo (0-0.59$) 1^64  ^ 0.068 59.0
Fe-Ni (10$)(165) 5.30 76.2
Fe-Cr (I0-20fo)(166) 1.48 54.9
coefficient for molybdenum is substantially lower than that for the 
other substitutional elements in iron alloys.
According to equation (41) this value of Ds would have the effect 
of increasing the boundary viscosity in the presence of molybdenum 
and thus moving the relaxation peak to a higher temperature than 
would be the case for either chromium or nickel. The other factor
will be lower for molybdenum if it is assumed that the elements
JL.
segregate to the grain boundaries in proportion to the percentage 
composition i.e. Ni:Cr:Mo will be 11.4:15.8:2.46, However, segregation 
to the grain boundaries occurs in excess of the matrix composition 
when the element in question has a large degree of misfit with the 
base lattice. The atomic diameters of the elements are given in Table 
28. The misfit of molybdenum is greater than that for the other 
elements and it will therefore tend to segregate to the grain 
boundaries in higher relative proportions than either nickel or
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TABLE 28
ATOMIC DIAMETERS OF THE MAJOR CONSTITUENTS IN THE TYPE
516 STEEL^167^
Element Atomic Diameter
Fe 2.52
Ni 2.49
Cr 2.57
Mo 2.80
chromium. Hence the difference hetween the elements of will he
SL.
smaller than that calculated from the original compositions.
It is considered therefore that the high temperature peak is,in 
fact, a normal solute grain boundary peak caused hy the presence of 
molybdenum.
The peak in the boron-bearing type 516 steel is narrower than 
that in the pure steel, and like the other relaxation peaks occurs at
a slightly lower temperature. The narrowness indicates a high apparent
—1 —1
activation energy (66 kcal mole as opposed to 44 kcal mole ) and
this is confirmed by the frequency shift measurements. The reason 
for this is due to two factors. The first relates to the effects of 
boron on the free interstitial carbon and on the formation of cr-phase 
as previously explained. The second factor is the segregation of boron 
to the grain boundaries in the boron-bearing type 516 steel. The boron 
occupies interstitial sites and creates an increased energy barrier 
to be overcome by the migrating vacancies responsible for the grain 
boundary relaxation process.
11.6. Effect of Cooling Rate
The present study has been mainly concerned with the effect of 
cooling rate on the HTP in the boron-bearing type 516 steel. The 
variation in the peak height of the HTP with cooling rate is summarised 
in sections 9.5. and 9.6. The variations found in the boron-bearing
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type 516 steel were not observed xn the pure type 516 steel and,
therefore, these variations can be attributed to the presence of
boron in the steel. The movement of boron in the steels was investigated
by means of the autoradiographic technique and these results are
considered in section 10.5. If these results are taken together with
the increase in the height of the HTP with a decrease in cooling rate,
it can be seen that the effects are associated with the diffusion
of boron away from the grain boundaries.
Since it is generally recognised that boron atoms are associated 
(140)with vacancies in steelv , the initial segregation of boron to
the grain boundaries on vacuum quenching can be explained by the
(141) (142-146)mechanism proposed by Aust et al . ' and discussed by Anthony .
They suggest that solute atoms which are strongly bound to vacancies
can segregate to grain boundaries during cooling because they
accompany vacancies moving to the boundaries when, as the temperature
falls, the equilibrium vacancy concentration is exceeded. The
boundary is a vacancy sink and when the vacancy/solute pair, reaches
the boundary the vacancy is annihilated leaving the solute atom at
(140)the grain boundary. Williamsv ' has shown that the segregation of
boron atoms at the grain boundaries can be suppressed by water cooling
o 1 o 1
(A"500 C sec ) but appears on slower argon quenching (^50 C sec"* ).
He also observed that little or no segregation occurred on cooling
from a temperature of 1000°C or less.
The effects of cooling rate on the HTP can therefore be explained
in the following manner. On annealing at 1000°C and above and vacuum
quenching boron is segregated to the grain boundaries causing a
reduction in the peak height. As the cooling rate becomes slower,
the boron diffuses away from the grain boundaries. This removes any
obstruction to the grain boundary migration resulting in an increase
in the peak height. The effect is reduced after cooling at rate 2
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(Tables 21-22) and slower when the peak height appears to level orr, 
showing that a minimum level of boron must be present at the grain 
boundaries before any effect on the peak height is observed. This 
minimum level is greater than zero because the autoradiographs show 
some segregation to the grain boundaries even at the slowest cooling 
rates.
The relative change in the height of the HTP between vacuum 
quenching and cooling rate 2 is shown -in Table 29 for the annealing 
temperatures from 900°C to 1200°C. The greatest relative change occurs
RELATIVE CHANGE IN THE HEIGHT OP THE HTP BETWEEN VACUUM QUENCHING 
AND COOLING RATE 2 FOR VARIOUS ANNEALING TEMPERATURES.
increased or decreased. This can be explained by the fact that the 
segregation is non-equilibrium and, therefore, as soon as the boron 
arrives at the grain boundaries there is a tendency for it to diffuse 
back into the matrix. As the annealing temperature increases, the 
boron will diffuse away from the boundaries at an increasing rate.
The relative change in the height of the HTP at 1200°C will be lower 
because of the smaller amount of boron segregated to the boundaries 
on vacuum quenching. Below 1000°C there will be a reduced driving 
force for the boron to segregate to the boundaries in the first 
place. The amount segregated will consequently be lower giving rise 
to a higher HTP on vacuum quenching than that found in specimens
TABLE 29
Relative change in 
Peak Height
900 14.5$
1000 65.0$
1100 48.0$
1200 22.0$
on annealing at 1000°C and then decreases as the temperature is either
167.
annealed, at otner temperatures*
On annealing at 800°C and 850°C, inconsistent effects are
observed. At 850°C the peak height is reduced as the cooling rate
becomes slower, while at 800°C there is no change in the peak height,
although the height is lower than that observed in any of the other
specimens. This effect is, however, also observed in the pure steel.
Autoradiographs (Figs. 59-60) clearly show that at this temperature
carbide precipitation has occurred at the grain boundaries and that
the boron has segregated to the carbides. It is known that precipitation
(l08 120)can affect the height of the grain boundary relaxation peaks' 9 • .
Since the boron is not in atomic form it would not be able to'diffuse 
away from the boundaries on slow cooling and hence the peak height 
should not be affected.
The variations in the peak height after annealing at 850 C are 
also caused by precipitation. Although this annealing temperature is 
slightly above that where precipitation occurs, sufficient nuclei 
will have already formed to enable precipitation to take place on 
slower cooling. This will reduce the height of the HTP in the slower 
cooled specimens.
The above effects of boron on the HTP have been substantiated 
by holding specimens for up to one hour at 955°C (the approximate 
peak temperature). The boron-bearing type 516 steel annealed at 
1100°C and cooled at rate 2 shows no increase in the logarithmic 
decrement with time and shows a very similar behaviour to the pure 
type 516 steel. However, with the boron-bearing steel annealed at 
1100°C and vacuum quenched there is a large rise in the logarithmic 
decrement over a period of approximately twenty minutes (Fig. 48)•
This shows that diffusion of boron away from the grain boundaries is 
occurring at this temperature and that the rate of diffusion is sufficien 
to reduce the level of boron at the boundaries to below the minimum 
level required to affect the HTP after twenty minutes.
12. GENERAL CONCLUSIONS
The results of the present work can be summarised as follows:-
1) Both types of alloy investigated exhibited a high temperature 
relaxation spectrum.
2) This high temperature relaxation spectrum was superimposed 
on a rapidly rising background damping contribution. The 
following properties related to this background damping:
a) It was not significantly affected by changes in the 
cooling rate or annealing temperature.
b) The activation energy of the high temperature background 
damping increased with increasing solute concentration.
c) The level and activation energy increased as the frequency 
increased.
5) The relaxation spectrum of the Fe-25$ Ni alloy showed only 
one grain boundary relaxation peak.
4) The high temperature relaxation peak spectrum in the type 
516 austenitic stainless steel has been shown to consist of 
three regions:
a) A grain boundary relaxation peak spectrum which consists 
of more than one relaxation peak.
b) A high temperature relaxation peak which has been attributed 
to the relaxation effects of molybdenum.
c) A further high temperature peak.
5) The presence of boron at the grain boundaries reduced the 
peak height of the high temperature peak.
6) Boron was found to segregate to the grain boundaries on 
vacuum quenching from 1000°C and above, but diffused back 
into the matrix on slower cooling. The diffusing mechanism 
has been explained in terms of the theory proposed by Aust 
and extended by Anthony et al.
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7) A model has been advanced to explain the observed effects.
It is proposed that the normal grain boundary relaxation 
peak is due to the sliding and migration of the grain boundaries 
caused by the movement of extrinsic grain boundary dislocations. 
The solute grain boundary relaxation peak occurs because of 
increased segregation of solutes to the random grain boundaries. 
Thus there are two sets of boundaries, coincidence-site and 
random, which move at different rates. The high temperature 
peak is due to the sliding of coincidence-site boundaries.
The present work has shown that analysis of the high temperature 
relaxation peak spectrum can be investigated in a quantitative manner 
with the aid of a computer. It has also been shown that interstitial 
impurities, in particular, boron exert a measurable eiffect on the 
internal friction spectrum. Future investigations should lead to a 
quantitative examination of other alloy systems, and the relationship 
between grain boundary segregation of interstitial impurity atoms, 
precipitation, and the grain boundary relaxation peaks. This would 
be of value in the determination of the effects of non-equilibrium 
segregation on the general properties of alloys and in the studies 
of precipitation effects in precipitation hardenable alloys.
Further investigations should also lead to a determination of the 
exact variation of the constituent grain boundary relaxation peaks 
with composition in the iron-nickel-chromium system and other ternary 
alloy systems, thus leading to a better understanding of the change 
in the physical characteristics of the constituent peaks with 
composition.
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APPENDIX
TABLE 50
SUMMARY OP THE LOW TEMPERATURE BACKGROUND DAMPING FOR THE PURE 
TYPE 516 STEEL AT 1 Hz AT DIFFERENT COOLING RATES
pecimen No. Q -1 % at 500°C S at 900°C
kcal mole (x 103) (x 103)
12P2 0.27 0.72 0.81
12P6 0.29 0.76 0.85
11P4 0.27 1.09 1.25
9P1 0.50 1.21 1.59
8FV 0.50 1.09 1,24
TABLE 51
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING FOR THE PURE 
TYPE 516 STEEL AT 1 Hz AT DIFFERENT COOLING RATES
Specimen No. Q £ at 500°C % at 900°C
TrrkoT mrvT c* (■v "1 "1 n 5 \—s.kcal mole (x 103) (zz 103)
12P2 24,7 0.0006 57.5
12P6 27,5 0.0001 25.8
11P4 28.5 0.00006 26.1
9P1 50.0 0.00005 40.2
8PV 29.7 0.00005 20.0
TABLE 52
SUMMARY OF THE LOW TEMPERATURE BACKGROUND DAMPING FOR THE BORON 
BEARING TYPE 516 STEEL AT 1 Hz ANNEALED AT 1200°C AT DIFFERENT 
COOLING RATES
Specimen No. Q ^ o at 500°C S at 900°C
kcal mole (x 106) (x 103)
12BV 0.52 0.71 0.82
12B1 Or. 29 0.55 0.60
12B2 0.29 0,62 0.81
12B5 0.50 0.55 0.65
12B4 0,59 0.55 0.64
12B5 0.59 0,64 0.76
12B6 0.59 0.88 ' .05
12B7 0,55 0.55 0.41
TABLE 35
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING FOR THE BORON 
BEARING TYPE 516 STEEL AT 1 Hz: ANNEALED AT 1200°C AT DIFFERENT 
COOLING RATES
Specimen No. 9 -i 
kcal mole
S at 5Q0°C 
(x 10 )
£ at 900°C 
(x 103)
12BV 50*5 0.00002 22.0
12B1 27.5 0.0001 34.9
12B2 26,9 0.0002 51.8
12B3 27.5 0.0001 29.5
12B4 50.8 0.00003 24.6
12B5 27.5 0.0002 54.4
12B6 26.8 0.0002 55.8
12B7 24.9 0.0006 57.1
TABLE 54,
SUMMARY OF THE LOW TEMPERATURE BACKGROUND DAMPING FOR THE BORON 
BEARING TYPE 316 STEEL AT 1 Hz ANNEALED AT 1100°C AT DIFFERENT 
COOLING RATES
Specimen No. 9 -i
kcal mole
§ at 5Q0°C 
(x 105)
% at 9Q0°C 
(x 103)
11BV 0.27 0*59 0.66
11B1 0.27 0.54 0.61
11B2 0.32 0.61 0.71
11B5 0.50 0,77 0.88
11B4 0.50 0o42 0.48
11B5 0.51 0.77 0.89
11B6 0.57 0.59 0.46
11B7 0.32 0.85 0.96
TABLE 55
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING FOR THE BORON 
BEARING TYPE 516 STEEL AT 1 Hz ANNEALED AT 1100°C AT DIFFERENT 
COOLING RATES
Specimen No. ^ -1 
kcal mole
S at 300°C 
(x 103)
I at 900°C 
(x 103)
11BV 27.2 0.0001 25.9
11B1 28.7 0.0002 21.9
11B2 29,0 0.00004 21.5
11B5 26,7 0.0002 27.1
11B4 26.5 0.0002 22.2
11B5 25,8 0.0005 27.4
11B6 25.5 0.0003 26.4
11B7 26,0 0.0005 31.5
TABLE 36
SUMMARY OP THE LOW TEMPERATURE BACKGROUND DAMPING FOR THE BORON 
BEARING TYPE 516 STEEL AT 1 Hz ANNEALED AT 800°,900°,850° and 
1000°C AT DIFFERENT COOLING RATES.
pecimen No. Q -1
kcal mole
S at 5Q0°C 
(x 10®)
S at 900 
(x 105)
8BV 0.55 0.46 0.54
8B2 0.28 1.04 1.18
85BV 0.39 2.69 5.20
85B2 0.58 0.91 1.08
9BV 0.30 0.59 0.67
9B1 0.52 1.18 1.57
9B2 0.30 0.53 0.61
10BV 0.58 0.61 0.75
10B2 0.50 0.79 0.90
TABLE 37
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING FOR THE BORON 
BEARING TYPE 316 STEEL AT 1 Hz ANNEALED AT 800°,850°,900° and 
1000°C AT DIFFERENT COOLING RATES
Specimen No. Q -1
kcal mole
t at 500°C 
(x 103)
% at 900°C 
(x 103)
8BV 27.0 0.0002 55.4
8B2 29.2 0.00008 40.8
85BY 28.1 0.00009 26.6
85B2 25.4 0.0005 44.0
9BV 26.4 0.0002 59.2
9B1 28.5 0.00008 26.4
9B2 26.4 0.0004 49.2
10BV 27.8 0.0001 29.9
10B2 28.8 0.00007 27.6
TABLE 58
SUMMARY OF THE LOW AND HIGH TEMPERATURE BACKGROUND DAMPING FOR 
THE PURE TYPE 516 STEEL AT DIFFERENT FREQUENCIES ANNEALED AT 
1200°C
Specimen No. Frequency
(Hz)
Q . S at 500°C 
kcal mole” (x 103)
S at 900°C 
(x 103)
12FV 1.0 0.28 0.84 0.95
12PVSF 0.8 0.50 0.31 0.56
12PV 1.0 26.1 0.0002 25.0
12PVSF 0.8 28.7 0.00005 54.2
TABLE 59
SUMMARY OP THE LOW AND HIGH TEMPERATURE BACKGROUND DAMPING FOR
THE BORON-BEARING TYPE 316 STEEL AT DIFFERENT FREQUENCIES
ANNEALED AT 1100°C
Specimen No. Frequency Q . § at 500°C at 900°C
(Hz) kcal mole (x 103) (x 103)
11BV 1.0 0.27 0.59 0.66
11BVSF 0.8 0.50 2.39 2.75
11BV 1.0 27.2 0.0001 23.9
11BVSF 0.8 29.9 0.00006 44.8
Commercial Type 516 Steel
A typical internal friction curve for this ^teel is shown in 
figure 62. Over the temperature range from 500°C to 1100°C two peaks 
are observed in this steel with an occasional high temperature peak. 
The results of the analyses of the curves are summarised in Tables 
40-42 and the essential features are noted below:
1) The activation energy of the low temperature background damping 
is lowered as the cooling rate becomes slower, but the level of 
damping is not significantly changed. The level of damping is slightly 
higher for the specimens annealed at 800°C.
2) The above trends are also observed in the high temperature 
background damping.
5) The grain boundary relaxation peak spectrum can be split into 
two. peaks (Fig. 63), one (no.l) occurring at about 660°C and the 
other (no.2) at about 725°C. The height of the total peak spectrum 
varies with cooling rate. For the slow cooled specimen annealed at 
1100°C, the hndght of the peak is approximately twice that of the 
other cooling treatments. In the specimens annealed at 800°C, the 
total peak height is slightly higher than those annealed at 1100°C 
after argon and vacuum quenching. The peak height of the slow cooled 
specimen, however, is only slightly above those for the more rapidly 
cooled specimens.
The same variation in the peak height with cooling rate can 
be seen in peak no.2. The peak temperature is increased as the cooling 
rate is decreased. Peak no.l shows a similar variation with cooling 
rate in the case of specimens annealed at 1100°C. In the case of those 
annealed at 800°C, however, the peak height of the slow cooled specimen 
and its peak temperature is lower than those of the specimens cooled 
at a faster rate.
The apparent activation energies of the peaks are lowered as the
cooling rate is decreased, that is, the peaks are increased in width. 
The peaks for those specimens annealed at 800°C are generally 
narrower than those annealed at 1100°C.
A high temperature peak is observed in four of the specimens. 
Although insufficient data was available for a complete analysis of 
those peaks, approximate values for peak height, peak temperature 
and apparent activation energy are given in Table 45, The peak is 
visible in all specimens annealed at 1100°C, being significantly 
higher in the slow cooled specimen than in the others. A small peak 
is also visible in the slow cooled specimen annealed at 800°C.
TABLE 40
SUMMARY OF THE LOW TEMPERATURE BACKGROUND DAMPING AT 1 Hz FOR
THE COMMERCIAL TYPE 516 STEEL
Specimen No. 9 -i
kcal mole
i at 500°C 
(x 103)
S at 900°C 
(x 103)
1100A 1.65 0.60 1.26
1100V 1.65 0.49 1.04
1100SC 0.92 0.59 0.89
800A 1.14 0.88 1.48
800Y 1.40 . 0.49 0.95
800SC 0.67 0.75 0.98
1BLE 41.
SUMMARY OF THE HIGH TEMPERATURE BACKGROUND DAMPING A^
THE COMMERCIAL TYPE 516 STEEL
Specimen No. 9 -i kcal mole
S at 500°C 
(x 103)
S at 900°C 
(x 103)
1100A 46.7 0.24 11.9
1100V 46.7 0.06 11.1
1100SC 59.5 5.59 21.8
800A 45.5 0.55 18.0
800Y 42.0 1.08 20,6
800SC 59.9 5.41 19.6
184.
TABLE 42
SUMMARY OP THE PARAMETERS OP THE GRAIN BOUNDARY RELAXATION PEAKS 
IN THE COMMERCIAL TYPE 516 STEEL
Specimen Peak No.l Peak No *2 Total
No. ^ Temp. Q . . & Temp. Q + Peak
(x 103) (°C) kcal mole" (x 10^) (°C) kcal mole” Height
( x 10
1100A 4.6 661 59.5 5.6 725 59.4 6.9
1100V 5.1 660 60.2 5.4 725 59.6 6.8
1100SC 6.6 696 42.6 12.5 752 52.6 16.2
800A 5.2 687 68.5 4.6 725 66.0 7.7
800V 5.5 679 54.5 4.8 725 65.2 8.0
800SC 5.8 655 49.1 7.5 722 52.2 8.7
TABLE 45
SUMMARY OP THE PARAMETERS OP THE HIGH TEMPERATURE PEAK IN THE 
COMMERCIAL TYPE 516 STEEL
Specimen No. £
(x 103)
Temperature
(°c )
Q
kcal mole
1100A 25.0 1054 55.0
1100V 16.0 1017 75.0
1100SC 48.0 1024 75.0
800A - - -
800V - - -
800SC 8.5 1017 62.0
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INTERNAL FRICTION EFFECTS IN AN IRON-24 % NICKEL ALLOY
fey
S. J. FRANKLIN, D. SIDDELL (*) and Z. C. SZKOPIAK
Departement o f Metallurgy and Materials Technology University o f Surrey 
Guildford, Surrey England
Resume. —  La friction interne de l’alliage Fer-24 %  Nickel a ete etudiee dans un domaine 
de temperatures de 20° a 1 100 °C, en montee et descente de temperature, a une frequence d’oscil- 
lation de 1 Hz. Le spectre de friction interne consiste en cinq pics ayant lieu a 146°, 462°, 519°, 
670° et 779 °C durant la montee en temperature, et de deux pics a 784° et 144 °C durant le refroi- 
dissement. Le pic a 460 °C semble etre un pic de joint de grains cause par les atomes de fer ou de 
nickel diffusant a travers 1’interface de martensite-austenite. Les pics a 519° et 144 °C semblent 
etre causes par la transformation martensitique. Le pic a 670 °C serait connecte avec la recristalli- 
sation du metal apres la transformation austenitique. Les pics a 779 et 784 °G peuvent etre causes 
par des relaxations de joint de grains en phase austenitique.
Abstract. — Internal friction at a frequency of 1 Hz has been studied in an iron-24 %  nickel 
alloy over the temperature range from 20° to 1 100 °C on heating and cooling. An internal friction 
spectrum consisting of five peaks occurring at 146°, 462°, 519°, 670° and 779 °C has been observed 
on heating and of two peaks occurring at 784° and 144 °C on cooling. The 462 °C peak appears 
to be a grain-boundary relaxation peak involving iron or nickel atoms migrating across the 
martensite-retained austenite interface. The 519° and 144 °C peaks seem to be caused by the 
martensitic transformation. The 670 °C peak seems to be connected with the recrystallisation of 
the material after a reverse martensitic transformation. The 779° and 784 °C peaks have been 
suggested as being caused by grain-boundary relaxations occurring in the austenite phase.
1. Introduction. — Iron-nickel alloys containing up 
to 28 % nickel undergo martensitic transformations at 
temperatures above 20 °C [1]. The M s and M f  tempe­
ratures o f the iron-24 % nickel alloy can be deduced 
from this work as being about 120° and — 30 °C 
respectively. The corresponding As and Af  tempera­
tures would be 510° and 580 °C.
The structural changes occurring during the heating 
o f  iron-nickel alloys were extensively investigated in 
alloys containing about 30 % nickel [2-9]. The reverse 
martensitic transformation was found to be strongly 
affected by the heating rate [2]. On heating at rates 
above 4 °C m n"1 a shear transformation occurred 
which produced a highly distorted austenitic structure. 
The dislocation density o f this structure was greater 
than that o f the annealed austenite by a factor of  
about ten [3]. The deformed austenite recrystallised 
at a temperature between 600° and 700 °C [4].
On heating at rates below 2 °C m n-1 the shear 
transformation stopped after about 60 % of the total 
transformation. The partially transformed structure 
remained stable until the temperature was increased 
by another 70 °C, when the transformation was 
completed by a diffusion controlled nucleation and 
growth process [2].
(*) Now at Atlas Steels Company, Welland, Ontario, Canada.
By comparison with the structural studies, internal 
friction effects in iron-nickel alloys were studied less 
extensively. Effects occurring in iron-carbon martensite 
were reviewed by Ward and Capus [10]. Gladman 
and Pickering found that the internal friction peak 
which occurred in quenched iron-carbon alloys at 
230 °C was shifted by the addition o f 19 % nickel to 
160-170 °C [11]. Estrin et al. also observed this peak 
at 170 °C in an iron 23.7 % nickel-2.8 % manganese 
alloy [12].
Internal friction associated with the direct marten­
sitic transformation was first observed in an iron- 
22 % nickel alloy by Scheil and Thiele [13]. The 
reverse martensitic transformation on the other hand 
was investigated in iron-manganese alloys by Wang 
and Chu [14]. These workers concluded that the 
magnitude o f the internal friction was dependent on 
the amount o f transformation that occurred in one 
cycle o f vibration and was not directly proportional 
to the rate o f transformation. Estrin et al. [12] also 
studied the reverse martensitic transformation in the 
iron-23.7 % nickel-2.8 % manganese alloy. They 
observed a transformation peak at 550 °C and two 
other peaks at 725 °C and 810 °C, respectively. The 
first peak was attributed to grain-boundary relaxation 
processes while the second was assumed to be due to 
the diffusion o f hydrogen molecules.
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A  grain-boundary relaxation peak was first reported 
in alpha iron by Ke [15] and more recently by Postni- 
kov [16] and Leak [17]. The influence of substitutional 
elements was investigated in the iron-chromium  
system by Bunghardt and Preisendanz [18] and by 
Barrand [19, 20], Both solvent (iron) and solute 
(chromium) peaks were evident in alloys o f low  
chromium content. With increasing concentration o f  
chromium the height o f the solute peak increased 
with a concomitant decrease in the height o f the solvent 
peak, until at higher chromium contents the solvent 
peak was completely suppressed. In addition to the 
work o f Estrin et al. [12] Lebedev and Postnikov [21] 
indicated the presence o f a solute grain-boundary peak 
in the internal friction spectrum o f an iron-4 % nickel 
alloy.
The results presented in this paper are internal 
friction measurements taken on heating and cooling 
over the temperature range from room temperature 
to 1 100 °C. The work formed part o f an investigation 
into the effects o f impurities on the high temperature 
relaxation peaks in austenitic alloys.
2. Material and experimental procedure. —  The
material, an iron-23.9 % nickel-0.005 % carbon- 
0.013 % nitrogen alloy, was prepared by the British 
Iron and Steel Research Association and supplied in 
the form o f 0.97 cm diameter hot rolled rod. Wires o f  
0.076 cm diameter were produced by cold swaging 
and interstage annealing. The final preparation o f the 
specimens was carried out by annealing for 30 mn 
at 1 150 °C in a direct resistance furnace, in a vacuum 
o f about 5 x 10"5 torr and vacuum quenching. This 
treatment produced a structure containing about 70 % 
martensite and 30 % retained austenite. The grain 
size o f the original austenite was estimated from the 
martensitic structure using a suitable etchant [22] and 
was found to be 0.06 mm.
Internal friction measurements were taken over the 
temperature range from room temperature to 1100 °C 
in a vacuum torsion pendulum operating at a fre­
quency o f about 1 Hz. The specimen was heated in a 
non-inductively wound tube furnace, and the measu­
rements were taken during heating and cooling at 
constant rates ranging from 1° to 4 °C m n-1 . The 
amplitudes o f oscillation were autographically recorded 
using a photodyne light spot follower. The logarithmic 
decrement (<5) was then calculated from the equation
S =  l /N  In (A0IAn) (1)
where A 0 is the initial amplitude and AN the amplitude 
at the Nth cycle.
3. Results. — 3.1 Amplitude Dependence. —  The 
amplitude dependence o f the internal friction o f the 
alloy was investigated at temperature intervals of 
about 100 °C during heating and cooling cycles by 
exciting the specimen to the maximum amplitude 
possible in the apparatus and allowing the amplitude
to decay almost to zero. The amplitude o f each cycl 
was measured and plotted against the number o f cycle 
on a log linear scale.
A ll such graphs consisted o f curved and straigh 
line regions, the former representing the amplitud 
dependent damping, which occurred at surface strain 
exceeding 3.0 x 10“ 5, and the latter the amplitud 
independent damping. The present measurements wer 
made in the amplitude independent region with th 
maximum surface strain not exceeding 2.5 x 10“ 5.
3 .2  Heating and Cooling Cycles. —  Typica 
internal friction curves measured at a frequency o 
1 Hz and a heating and cooling rate o f 4 °C  m n-1  
are shown in figure 1. There are appreciable differences
Temperature , C
1000 800 600 400 2 00  100 50
150
P5
.100
25
— I ■
26 2824
F ig . 1. —  Internal friction spectrum of iron-24 %  nickel alloy
at 1 Hz and heating rate of 4°Cmn-1 Heating curve;
-----  Cooling curve.
between the two curves and to facilitate a more 
detailed study o f the energy absorbing processes, that 
resulted in the observed internal friction spectra, 
these curves were analysed with the help o f a computer. 
The background damping is known to consist o f low- 
and high-temperature damping contributions [23]. 
These were removed assuming that the damping (SB) 
obeyed an exponential temperature dependence o f the 
form
=  K e x p (— Q/RT) (2)
where Q is the activation energy for the damping 
process.
The computer program used for the analysis o f the 
remaining internal friction spectra was based on the 
equation
s = ^ sechCew/r- 1/L,)] (3)
where the controlling parameters are the peak height 
(<5max), the activation energy o f the relaxation process 
( 0  and the peak temperature (Tp). Although equa­
tion (3) describes a Debye peak, when Q becomes the 
true activation energy ( 0 ) ,  to a first approximation
it can be used to describe peaks wider than Debye
peaks. In this case Q is the apparent activation 
energy (Q J.
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A cooling curve separated into its constituent parts 
s shown in figure 2. The criterion for satisfactory 
separation was that the sum o f the computer cal-
Temperature , °C
1000 900 800 700 600 500 400 300
100
60
W
\ <5*
F ig . 2. —  Comparison of a theoretically derived curve with 
the experimental cooling curve of iron-24 %  nickel at 1 Hz.
x Experimental points ;----   Theoretical curve ;-----
Low temperature background damping;  High tempe­
rature background damping ;  Peak P 5.
culated values o f the logarithmic decrement agreed 
with the experimentally measured value within the 
experimental error at each temperature o f measure­
ment.
The heating curve (Fig. 1) shows three detectable 
peaks occurring at 519°, 670° and 779 °C. These peaks 
are denoted P 3, P 4 and P 5 respectively. The cooling 
curve, on the other hand, shows only two peaks, one 
(P 5) at 784 °C and the other (P 6) at 144 °C. Since 
the reverse martensitic transformation and subsequent 
recovery in the austenite phase affected the high tem­
perature background damping in an unknown way, 
analysis o f the heating curve was not attempted over 
the temperature range above 530 °C. The part o f the 
internal friction curve below this temperature, corres­
ponding to the martensitic structure, was analysed and 
activation energies o f 0.8 and 15 kcal.m ole-1 were 
obtained for the low and high-temperature background 
damping respectively. A  similar analysis o f the cooling 
curve for the austenitic structure was made yielding 
values for the two background dampings o f 0.8 and
12 kcal.m ole-1 respectively.
After the removal o f the background damping 
from the heating curve, it was found that the internal 
friction spectrum below the peak P 3, could be split 
into two peaks one occurring at 462 °C (P 2) (Fig. 3) 
and the other at 146 °C (P 1) (not shown).
Temperature , °C 
5 0 0  400
100
80
50
P2
F ig . 3. —  Part of the internal friction spectrum of the heating 
curve at 1 Hz and heating rate of 4 °C mn-1 showing the posi­
tion of the peak P 2. -----  Experimental curve ;.....
Background damping ;  Peak P2.
The results o f the analysis o f the heating and cooling 
curves are summarised in Tables I and II. The main 
features o f the results are th a t :
a) the low-temperature background damping is 
practically unaffected by the heating cycle,
b) the activation energy and magnitude o f the 
high-temperature background damping are lower in the 
austenitic structure than in the martensitic structure,
c) the peaks P I ,  P 2, P 3  and P 4  observed on 
heating are absent in the cooling curve,
d ) the peak P 6 absent in the heating curve is obser­
ved in the cooling curve, and
e) only one peak (P 5) is present in both curves.
T able I
Summary o f  background damping at 1 Hz and a heating rate o f  4 °C mn - 1
Parameter
Measured
On Structure
Low Temp. 
Background
High Te 
Backgro
Q (kcal.m ole-1 ) Heating Martensitic 0.80 15
Cooling Austenitic 0.75 12
<5 at 300 °C Heating Martensitic 2.1 2.8
( x  103) Cooling Austenitic 2.4 0.6
<5 at 450 °C Heating Martensitic 2.4 41.6
( x  103) Cooling Austenitic 2.8 4.9
5 at 1 000 °C Heating Austenitic — —
( x 103) Cooling Austenitic 3.5 164
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Peak
PI 
P 2 
P 3 
P 4 
P 5 
P 6
Table II
Summary o f  internal friction peaks at 1 Hz and a heating rate o f  4 °C/mn
Peak Temp. 
(°C)
146
462
519
670
779
Heating Curve 
Peak Height 
(5 x 103)
1.6
10
65 (*)
46 (*)
45 (*)
&  1(kcal. mole )
12.5
36
Peak Temp. 
(°C)
784
144
Cooling Curve 
Peak Height 
(<5 x 103)
52 
110 (*)
Qa t 
(kcal. mole
37
(*) Estimated Values.
3.3 Effect of the Heating Rate. — The effect o f  
the heating rate on the internal friction spectrum o f  
the alloy is shown in figure 4 and summarised in
Temperature, °C 
1000 900 800 700 600 500
200
175
125
o
E
Vo
50
25
7 11 12 13 14 15 16 179 188 10
i / r  x io 4,° k -1
F ig . 4. —  Effect of heating rate on the internal friction spectrum
of iron-24 %  nickel alloy at 1 Hz. ------  1 1 °C mn-1 ;
—  ----2 °C mn-1 ;------ 4 °C mn-1.
Table III. A  feature o f these results is that, while 
the peak P 2 is not affected significantly by the heating 
rate, the heights o f the peaks P 3 and P 5 are appre­
ciably changed. The peak P 4 also varies in height and 
is unobservable at the slowest heating rate.
T a ble III
Variation o f  peak heights 
with heating rate at 1 Hz
Peak
P 2 
P 3 
P 5
Peak Height 8 x 103 
Heating Rate Heating Rate Heating Rate 
4°Cmn-> 2 °C m n -1 1 |  °C mn-1
10.0
159 (*) 
45 (**)
8.5 
123 (*) 
110(**)
8.1 
116 (*)
60 (**)
(*) Without background subtraction. 
(**) Estimated values.
3 .4  Effect of Frequency. — Internal friction 
measurements were carried out over the frequency 
range from 0.46 to 1.75 Hz to determine the relevant 
parameters o f the relaxation spectrum. Typical internal 
friction curves at frequencies o f 0.46, 1.0 and 1.75 Hz 
are shown in figure 5. The peaks P 2 and P 5 were
Temperature . C 
1000 900 800 700 600 500
300
200
100
0
16 17 18.7 10 14 158 9 11 13
F ig . 5. —  Frequency dependence of the internal friction spec­
trum of iron-24 %  nickel alloy at a heating rate of 2 °C mn-1. 
Frequencies :------ 0.46 ;------ 1.0; ----—  1.75 Hz.
the only ones found to be frequency dependent in the 
temperature range from 300° to 1 100 °C.
Assuming an Arrhenius type relationship between 
applied frequency ( / )  and the peak temperature (T  °K).
f  =  fo  exp(— Q JRT) (4)
where f 0 is a constant known as the « attempt fre­
quency », the true activation energies (Q t) o f the 
relaxation processes for the two constituent peaks 
were calculated by plotting In /  against l/T , as shown 
in figure 6. The straight lines were drawn by the 
method o f linear least squares o f each peak tempera­
ture obtained from the computer analysis o f the 
internal friction curves. f 0 was calculated from equation 
(4) in the usual manner.
The ratio o f Qt to Qa gives r2(fi) from which, using 
the results o f Nowick and Berry [24], were obtained 
values o f the /? factor for each peak. The results obtai-
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F ig . 6. —  Plot of log frequency against 1/T°K-1 for the 
determination of activation energies of the peaks P 2 and P 5. 
(x) Peak P 2 ; (0) Peak P 5.
ned from the analysis o f the frequency shift o f the 
peaks are summarised in Table IV.
Table IV
Summary o f  parameters o f  the relaxation peaks at 1 Hz
Parameter P 2 P 5
Peak temperature (°C) 462 784
Peak height (S x 103) 10 52
A E (* )(x  103) 6.4 33.1
Qt (kcal.mole-1) 68 64
Qa (kcal.mole-1) 36 37
ri(P) 1.9 1.7
P 2.3 2.0
M H z) 1.8 x 1020 2.0 x 1013
(*) AE —  2 Sm&x/7t.
4. Discussion. —  The iron-24 % nickel alloy has 
been found to exhibit five internal friction peaks on 
heating and two on cooling in the temperature range 
from 20° to 1 100 °C. These peaks occur at 144° (P 6), 
146° (P I) , 462o (p 2), 519° (P 3), 670° (P 4) and 
779 °C (P 5) at a frequency o f 1 Hz and a heating 
rate o f 4 °C m n-1 . Each o f the peaks will now be 
discussed separately in terms o f the variables used in 
the present study and the known transformations 
occurring in the iron-nickel alloys.
4 .1 Peak-P 1. — The results o f this investigation 
indicate that the peak observed at 146 °C is the same 
as that found by Gladman and Pickering [11] in 
iron-19 % nickel and by Estrin et al. [12] in iron- 
23.9 % nickel alloys. The peak occurs in a martensitic 
structure only, and is believed to be due to the move­
ment o f dislocations through an atmosphere of  
interstitial atoms.
4.2 Peak-P 2. — The peak P 2 occurs on a steeply 
rising part o f the internal friction curve (Fig. 3). The 
increase in damping over this temperature range 
could be caused by the start o f the reverse martensitic 
transformation. Jana and Wayman [5] found that on 
slow heating, during dilatometric measurements, there
was a gradual contraction in an iron-33.95 % nickel 
alloy before the reverse shear martensitic transforma­
tion took place. Their results indicated that on slow  
heating a diffusion controlled reverse transformation 
was in operation prior to or at least simultaneously 
with the diffusionless reverse transformation. Kessler 
and Pitsch [2] suggested that on slow heating diffusion 
o f iron and nickel atoms occurred across the austenite- 
martensite interface during the reverse martensitic 
transformation.
The peak is found to be frequency dependent and 
unaffected by the heating rate (Fig. 6 and Table III). 
It can, therefore, be concluded that it is caused by a 
relaxation process. The activation energy o f the process 
is 68 ±  4 kcal. m ole-1 which is o f  the order o f magni­
tude o f the activation energy for volume diffusion o f  
nickel in iron-nickel alloys [25], for iron in dilute 
iron-nickel alloys [26], and for the grain-boundary 
relaxation process in iron containing nitrogen or 
carbon [27]. The rather high ft factor, being charac­
teristic o f grain-boundary relaxations, and the high 
attempt frequency [27], indicate that the peak is due 
to a relaxation process occurring at grain boundaries. 
It is, therefore, suggested that the peak P 2 is a grain- 
boundary relaxation peak caused by the diffusion o f  
iron or nickel atoms across the martensite — retained 
austenite interface.
4 .3  Peak-P 3. —  For the iron-24 % nickel alloy, 
the peak P 3 occurs at a temperature between the 
As and Af  temperatures. The height and shape o f the 
peak is strongly affected by the heating rate and 
frequency, being highest at the fastest rate and lowest 
frequency. The peak temperature does not change 
significantly with frequency and hence it cannot be 
due to a true relaxation process. According to Wang 
and Chu [14] and Estrin et al. [12] the reverse mar­
tensitic transformation gives rise to an internal friction 
peak. Wang and Chu [14] proposed that the logarith­
mic decrement is dependent on the amount o f trans­
formation that occurs during one period o f vibration. 
The effect o f heating rate and frequency on the peak 
can be accounted for in terms o f  this model. With a 
fast heating rate more o f the martensite will transform 
during each cycle than with a slower rate, hence the 
internal friction will be higher (Fig. 4). A t higher 
frequencies less martensite will transform during each 
cycle than at lower frequencies, hence, at a constant 
heating rate, the internal friction will be lower (Fig. 5). 
Consequently, it is suggested that the peak P 3 is due 
to the reverse martensitic transformation.
4 .4  Peak-P4. — It was found, from structural 
studies, that the austenite produced by the reverse 
martensitic transformation had a highly distorted 
structure with a dislocation density greater than that 
o f annealed austenite by a factor o f  ten [3], The 
presence o f such a high dislocation density would 
account for the fact that the high-temperature back­
ground damping immediately after the martensitic
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transformation is considerably higher than the back­
ground damping on cooling. The high-temperature 
background damping is known to increase with increa­
sing dislocation density [21, 28].
The shape o f the peak is not reproducible and its 
variation with frequency is irregular, indicating that 
it is not a relaxation peak. On heating recovery and 
recrystallisation o f  the highly dislocated austenite 
takes place at temperatures between 600° and 700 °C 
[4]. Since the peak P 4 occurs in this temperature 
region, it is most probably associated in some way 
with the recrystallisation process. The changes in the 
peak due to the heating rate and the frequency are, 
therefore, dependent on the effect o f these variables 
on the recrystallisation process.
4 .5 Peak-P 5. —  The peak P 5, occurring at 779 °C 
on heating and 784 °C on cooling, is frequency depen­
dent, and its shape and peak temperature are unaffected 
by the heating rate. It can, therefore, be concluded 
that it is a relaxation peak. It occurs in the same 
temperature region as the grain-boundary peak reported 
by Lebedev and Postnikov [21] in an iron-4 % nickel 
alloy. The activation energy (64 +  4 kcal.m ole-1 ) 
for the relaxation process causing the peak P 5 
is in good agreement with the activation energy 
(59-69 kcal.m ole-1 ) reported by Lebedev and 
Postnikov [21]. It is also in good agreement with 
the activation energy for self diffusion o f nickel in 
the austenite phase o f iron-nickel alloys [25], According 
to the stress-induced migration theory o f grain- 
boundary relaxations, the relaxation process is asso­
ciated with single atom jumps, the activation energy 
o f which is o f the order o f  magnitude o f that for self 
diffusion [17, 19, 27, 29]. Consequently, it would 
appear that the peak P 5 is due to a grain-boundary 
relaxation process involving the solute nickel atoms. 
If this is so, the variation o f the height o f the peak 
with the heating rate can be accounted for in terms 
o f factors affecting the relaxation strength o f the 
process. In this alloy recrystallisation occurs below  
the peak temperature, and the size o f the grains at 
the peak temperature will depend on the extent o f  
grain growth that occurred during heating to this 
temperature. Any variation in the grain size affects 
the height o f the peak as it is strongly dependent on 
the grain size [19, 27].
Because recrystallisation was occurring durinj 
heating, the effect o f grain size could not be studiec 
on specimens recrystallised prior to internal frictioi 
measurements. Such measurements should be made oi 
cooling from the annealing temperature on specimen: 
annealed in the internal friction apparatus. This wa: 
not possible in the apparatus used in the present study.
4 .6  Peak-P 6. —  Since this peak is observed onl] 
in the internal friction curves measured on cooling, 
and since it occurs in the temperature region o f the 
Ms o f the alloy studied, it appears to be associated 
with the martensitic transformation. It is an asymme­
trical peak with a maximum height corresponding to 
that o f the peak P 3. It resembles in shape the peak 
reported by Scheil and Muller [30] in an iron-20 % 
nickel alloy measured on cooling, which was also 
attributed to the martensitic transformation.
5. Conclusions. — 1. The internal friction spectrum 
(1 Hz) o f the iron-24 % nickel alloy consists o f five 
peaks occurring at 146°, 462°, 519°, 670° and 779 °C 
on heating and two peaks at 784° and 144 °C on 
cooling.
2. The 779° and 784 °C peaks are due to the same 
relaxation process which appears to be caused by 
austenite grain-boundary relaxations involving solute 
nickel atoms.
3. The 462 °C peak is believed to be a grain- 
boundary relaxation peak involving iron or nickel 
atoms at the martensite — retained austenite interface.
4. The 519° and 144 °C peaks appear to be due to 
the reverse and direct martensite transformation res­
pectively.
5. The 670 °C peak is associated with the recrys­
tallisation o f the austenite formed by the reverse 
martensitic transformation.
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